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Odderoninduzierte Pion-Photoproduktion an e+e 
Beschleunigern 

In diffraktiven hadronischen Streuprozessen tragt die aus der Regge Theorie 
stammende Pomerontrajektorie signifikant zum Verhalten von totalen und 
different iellen Wirkungsquerschnitten bei; dies gilt ebenfalls fiir die Beschreibung 
von Proton-Strukturfunktion in tiefinelastischer Streuung. Bisher ist das Odderon 
als Partner des Pomerons mit ungerader C-Paritat nur in Unterschieden 
zwischen differentielle Wirkungsquerschnitten fiir pp und pp Streuung bei 
kleinem t beobachtet worden. Wir untersuchen die exklusive Photoproduktion 
pseudoskalarer Mesonen 77 — > 7r°7r° an e + e _ Beschleunigern; in dieser Reaktion 
ist Pomeronaustausch aufgrund von Paritatserhaltung verboten. Das Odderon 
wird durch einen effektiven Propagator beschrieben. Der Odderonbeitrag 
erzeugt signifikante Modifikationen der differentiellen Wirkungsquerschnitte. 
Wir untersuchen die Effekte der Variation von Trajektorien- und Kopplungsparametern. 
Wir geben numerische Ergebnisse fiir totale und differentielle Wirkungsquerschnitte 
fiir OPAL, BaBar, TESLA und den Photoncollider bei TESLA unter Einbezug 
von Detektorcuts an. 



ODDERONINDUCED PION-PHOTOPRODUCTION AT e + e COLLIDERS 

In diffractive hadronic scattering processes, the Pomeron trajectory, origi- 
nating from Regge theory, significantly contributes to the behavior of the 
total and differential cross sections; the same holds for the description of the 
proton structure function in deep inelastic scattering. So far, the Odderon as 
the odd-parity partner of the Pomeron has only been observed in differences 
between differential cross sections for pp and pp scattering at low t. We in- 
vestigate exclusive photoproduction of pseudoscalar mesons 77 — > 7r°7r° at 
e + e~ colliders; in this reaction, Pomeron exchange is forbidden by C-parity 
conservation. The Odderon is described by an effective propagator. The 
Odderon contribution produces significant modifications of the differential 
cross sections. We investigate the effects of variation of trajectory and cou- 
pling parameters. We provide numerical results for total and differential 
cross sections for OPAL, BaBar, TESLA and the TESLA photon collider 
including detector cuts. 
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Chapter 1 



Introduction and motivation 



In modern particle physics, scattering processes are described within the 
framework of quantum field theory. Depending on the nature of the con- 
sidered forces, the rules of Quantum Electrodynamics, Quantum Flavor- 
dynamics, and Quantumchromodynamics describe interactions due to the 
electromagnetic, electroweak, and strong interactions. Especially in the per- 
turbative regime, scattering matrices and therefore cross sections can easily 
be computed. 

Before the development of Quantumchromodynamics as a field theory 
apt to describe strong interactions, Regge theory provided a good framework 
for the description of high energy hadronic reactions. It was introduced by 
Regge in the end of the 1950s in connection with non-relativistic potential 
scattering P,|2]- Today, it is especially valuable in the description of diffrac- 
tive hadronic interactions where particles interact via an exchange particle 
corresponding to a color singlet with P = C = + 1 and therefore carrying the 
quantum numbers of the vacuum. Regge theory predicts the behavior of the 
total and differential cross sections according to 

a tot oc ; % oc , 

at 

where a(0) denotes the intercept of the Regge trajectory. For diffractive 
processes, a(0) > 1, leading to an increase of the total cross sections with 
growing s. Furthermore, considering the Regge limit i <C s, we expect a 
rapidity gap between the outgoing particles in diffractive scattering. 

Experiments in the last 20 years |3] showed that total hadronic cross sec- 
tions rise for growing center of mass energies. This behavior can be explained 
by the introduction of the Pomeron trajectory. Donnachie and Landshoff 
provided a fit for total and differential elastic pp and pp cross sections leading 
to ap = 1.08. However, this region cannot be treated perturbatively; the 
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behavior of the cross sections is therefore ascribed to the soft Pomeron. Ad- 
ditional evidence for the existence of the Pomeron is the behavior of proton 
structure functions in deep inelastic scattering. This region can be treated 
perturbatively; the Pomeron intercept is given by ap ~ 1.4 [H] and can be 
derived directly from perturbative QCD. Here, the Pomeron is represented 
by the exchange of two gluons. However, the unification or transition of the 
latter so-called hard Pomeron to the soft Pomeron describing the behavior 
of total and differential cross sections in hadronic scattering is still an open 
question. 

The Odderon as a Regge trajectory with an intercept close to one but with 
P = C = — 1 was first introduced by Lukaszuk and Nicolescu in connection 
with the rise of total pp cross sections 6J. In pQCD it can be described by 
the exchange of three or more gluons and therefore follows as the natural 
extension of the Pomeron. However, so far effects of Odderon exchange 
have only been observed in connection with differences between partial cross 
sections in pp and pp scattering for low t 0], [7j. Predictions for cross sections 
resulting from a nonperturbative approach to QCD jHj, for the diffractive 
production of pseudoscalar and vector mesons have not been confirmed by 
experiment [TTij . 

The proof of the existence or non-existence of the Odderon as the C = 
P = — 1 partner of the Pomeron as well as its description in QCD would 
provide valuable insight into the theory of strong interactions. Therefore, 
we are investigating exclusive processes with 77 — > PS PS where Pomeron 
exchange is prohibited by parity conservation; here, the influence of Odderon 
exchange should clearly be visible. We adapt an effective phenomenological 
description of the non-perturbative Odderon closely following ^1] and 0j. 
e + e~ colliders such as TESLA, LEP, or BaBar provide an ideal environment 
for the above reaction. Similar reactions have already been investigated using 
a different model for the Odderon [T2j . 

In the next chapter, we will give a short review of Regge theory and the 
perturbative as well as non-perturbative effective description of Pomeron and 
Odderon. In the third chapter, we will address the 7 7* 7r° and 7 O* tt° cou- 
pling and sketch its derivation from current algebra. Chapter four gives an 
overview of the kinematics for 2^2 particle interactions and the general 
form of the differential cross sections. We placed the calculation of the ma- 
trix element for the process 77 — > 7r°7r° by photon and Odderon exchange in 
chapter five. Chapter six gives an overview on the spectra used for the pho- 
tons produced at a linear e + e~ collider as well as a photon collider; chapter 
seven gives the numerical results for d ?~, a and ^ for several parameter sets 
and collider environments. We placed the summary and outlook in the last 
chapter. 
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Chapter 2 



Pomeron and Odderon: Motivation and 
effective description 



2.1 A short review of Regge theory 

2.1.1 General quantities in scattering processes 

We will just provide a short list of general quantities describing scattering 
processes and refer to he literature (e.g. ^3], ^M) f° r more details. 

• The S matrix 

The S -matrix provides the connection between in- and outgoing phys- 
ical states; it is defined by 

(aoutlkn) = (a\S\b) = S ab , (2.1) 

with 



\a out ) = lim U(t,t )\a(t )) , 

Win) 

lim U(t,t )\b(t )) . 
U(t\,t2) is the time-evolution operator 

UfahMh)} = \a(t 2 )) , (2.2) 
| a) = \PaiPa 2 ---Pan) and b = {k^k^.-.k^) denote any state vector. 
Furthermore, M. is defined by 
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Figure 2.1: 2^2 particle scattering process 



S ab = tab +*(27r) 4 5( 4 )(J> ai -Y^k bj )M ab . (2.3) 

* 3 

• Mandelstam variables 

2 particle — > 2 particle scattering processes can be described with the 
help of the so called Mandelstam variables s, t, and u which are Lorentz 
invariant and given by 

s = (P1+P2) 2 = (h + k 2 ) 2 , 
t = (pi - h) 2 = (pa - k 2 ) 2 , 

u = ( P i-k 2 ) 2 = (p 2 -k 1 ) 2 (2.4) 

for the reaction described in figure I2~T1 p i} kj denote four- vectors of the 
incoming and outgoing particles. 

For the Mandelstam-variables, the following relation holds: 

s + t + u = ^2m 2 ; (2.5) 

i 

the sum goes over all particles in the reaction. Reactions where p\ and 
Pi denote the incoming particles are called s channel reactions; here 
s > while t,u < 0. For the description of scattering processes in 
the Regge- language, we talk about a t channel process if p± and —k\ 
denote the incoming particles, i.e. t takes the role of s and vice versa. 
Similar considerations hold for reactions in the u channel. This has to 
be distinguished from the terminology of an exchange particle being in 
the s, t or u channel. For s > 0, processes in these channels are given 
by figure E2 here, the first diagram corresponds to particle-antiparticle 
annihilation. 
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k\ k 2 k\ k 2 k\ 






Pi P2 Pi P2 Pi P2 

(a) s channel (b) t channel (c) u channel 

Figure 2.2: exchange particle in the s,t,u channel 

• Cross sections for 2 — > n particle reactions 

The general cross-section for 2 — > n particle processes is given by 



1 n 

da= 2^ II 7^)4o (2-) h- Px - P2 ) \Mf , (2.6) 

i=l ^ ' 1 i 

(see e.g. [12]) with 



w = y (s — mf — m^) 2 — Amfml , 
mi,m 2 : masses of ingoing particles , 
|A1| 2 : squared matrix element of the reaction . 

2.1.2 General properties of scattering amplitudes 

In Regge theory, statements about the behavior of scattering amplitudes 
for 2 — > 2 particle reactions can be made by assuming Lorentz-invariance, 
unitarity, and analyticity of Ai. Investigating these properties one by one, 
we obtain: 

• from Lorentz-invariance: 

The Lorentz-invariant scattering amplitude, here denoted by Ai, can 
be expressed in terms of the Mandelstam- variables: 

M = M(s,t,u) . (2.7) 

As s, t and u are connected by (|2.5J) . M. can be taken as A4(s,t,mf) 
only. 

• from unitarity: 
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abac b 
Figure 2.3: Symbolic description of Cutkosky rules 

From the definition of the scattering matrix 5" and the completeness 
of the physical states, we obtain the unitarity of S (see e.g. [T3]): 
combining this with (|2.3J1 leads to 



2ImM ab = (2tt) 4 5( 4 ) l^ Poi )J2 M -cMl b (2.8) 

V i j / c 

known as the Cutkosky rules [T5] . 

For a = b and the case of two incoming particles, this reduces to the 
optical theorem: 

ImMaa = w(s,ml,ml) a tot (a -> anything) . (2.9) 

Here, \a) = \p(pi), pfa)), and p denotes the same particle type, w is 
given according to (|2.6|) . 

• from analyticity 

From the Cutkosky rules, we can draw conclusions about the value of 
ImM. in dependence of s and t; from ()2.8|) . we see that ImM ^ 
only if there are states associated with possible exchange particles 
contributing. In an s-channel process, Im M. ^ for s = M 2 , in case 
of a single-particle and s > 4 m 2 in the case of multi -particle exchanges 
with M and m being the respective masses of the contributing particles. 
A change from s- to w-channel- reactions leads to similar cuts on the 
negative s- axis (see figure E3J)- 

Seeing now that ImM. = on some part of the real s— axis, we can 
apply the Schwarz reflection principle 1 , leading to 

1 see e.g. ^H] 
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Figure 2.4: Singularity structure in the complex s-plane 



M(s*,t) = M*(s,t). (2.10) 

Combining this with ImA4 ^ for the values given above, we see 
that A4(s,t) cannot be analytic in the whole s— plane, as this would 
require ImM. = for s real. Therefore, we obtain poles and branch- 
cuts corresponding to s = M 2 and s > 4m 2 ; the value of M. in these 
regions is given by 



M(s,t) = lim M(s + ie,t) (2.11) 

for an s channel reaction. If we switch to u channel reactions, ie — > 
—is. Furthermore, we obtain for ImA4(s,t) 2 : 



ImM(s,t) = —lim[M(s + ie,t)-M(s-ie,t)]. (2.12) 

A second feature following from analyticity, together with Lorentz- 
invariance, is crossing symmetry. Taking into account ()2.7j) . we see 



2 Actually, this is only denned for s > 0, i.e. an s channel reaction. We keep the same 
notation for s < for simplicity. 
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that we can consider s < a physical region in the s plane if we switch 
from s to u or t channel reaction; in terms of A4, this implies 

M a +b^c+d(s, t, u) = M a+z _>- b+d {t, s, u) = M a+ a_>- b+c {u, t, s) . 

(2.13) 

Thirdly, we can use the analyticity of A4 to relate its real and imaginary 
parts using dispersion relations; in short, we use Cauchy's theorem to 
write 

M{s,t) = — — : ( f ^^ds' + Poles^) ; (2.14) 
2m \J C s'-s J 

in the case discussed above, 



s — M 2 s- 4m 2 + M 2 + t 
with p and p' being the respective residua. 

In the simplest case, we can rewrite this in the form of a dispersion 
relation: 



... M . „ , 1 f°° ImM{s',t) J , 1 ImM(s',t) J , 
M(s,t) = Poles + -/ y —^- L ds'+- y —^ds' 

7T J s + S'-S 7T S'-S 

(2.15) 

relating the real and imaginary parts of A4 . Here, sf denote the be- 
ginning of the branch cuts (see fig J2.4|) . ImM. is given by (|2.12j) . 

For more complicated cases, (|2.15jl is modified by use of subtractions 
to make the transition from (|2.14j) possible. 

2.1.3 Decomposition in partial waves; analytic contin- 
uation to the complex angular momentum plane 

In analogy with scattering processes in Quantum Mechanics, the amplitude 
M. can be decomposed in terms of partial waves in the s channel correspond- 
ing to 
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CO 



M(s,t) 



(2.16) 



1=0 



with 



Pi(z) 
fi(z) 



z 



e 



cos 6 , 

scattering angle , 
Legendre Polynomial , 
partial wave amplitude . 



We are only considering particles with spin 0; generalizations for particles 
with nonzero spin can be found in the literature. 

With Cauchy's theorem we can rewrite this equation by changing into 
the complex angular momentum plane: 



with /(/, s) being the continuation of fi(s) into the complex plane. However, 
uniqueness of f(l, s) requires a decomposition into f t (s); these functions are 
related to ImAi by the inversion of 1)2.17)1 and double variable dispersion 
relations similar to (j2.15j) (for more details, see [U|). After a change to 
integration over z', they are given by 



with ImAit/u denoting discontinuities across the t-/u- channel cuts accord- 
ing to ()2.12|1 and Q'i(z') reflecting the dependence on the Legendre polyno- 
mials Pi(z). We see that ff(l,s) is even, f^(l,s) odd under exchange of u 
and t] they are said to be of even and odd signature, respectively. ()2.18|) is 
known as the Froissart-Gribov projection. 

Taking this into account, we can define matrix-elements Ai ± (s,t) by 




(2.17) 




(2.18) 



CO 



MHs,t) = ^(2/ + l)/ ± (/, S )P,(^) 



1=0 
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Figure 2.5: contour before and after Mandelstam-Somerfeld- Watson trans- 
form 



A4(s,t) is then given by 



M{s,t) = -[M + (s,z)+M + (s,-z)+M-(s,z)-M-(s,-z)] . 

(2.19) 

Changing now to contour integration by use of Cauchy's theorem and 
shifting the contour of integration to a semi-circle with a slightly negative 
intercept on the real axis by the Mandelstam-Sommerfeld- Watson transform 
(see fig. 12. 5|) . we finally obtain 



M(s,t) 
-1 
~2i 



\+ico 2l + 1 



2 sin(7r/) 



-E 



(2afM + l) 
2 sin(7TQ;^) 



[/+(/, + + r (/, - 

(2.20) 



£f( S )(P a ±(-*)±P Q± (*)) 



with af(s) and 0f(s) denoting additional poles and the according residues of 
/ ± (s, I). For the derivation of ()2.20|) . we furthermore needed the assumption 
of maximal analyticity of the second kind, i.e. analytic behavior of Ai except 
at a finite number of poles. 
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2.1.4 Regge poles and trajectories; high energy behav- 
ior 



Starting with the expression given by (|2.2()jl for M. , we now consider the 
asymptotic behavior of Ai(s,t) for t — > oo for a t channel reaction and 
s —>■ oo for an s channel reaction. From crossing symmetry (j2.13j) of M. , 
we know that results for either exchange channel hold true for the other by 
substituting s < — > t. 

In the t channel it can easily be shown by using the asymptotic behavior 
of Pi(z) that the contributions to M. given by the integrals in (|2.20|) vanish 
for z — > oo; we are therefore left with the pole contributions only. Similarly, 
it can be shown that the sum is dominated by the term with the largest 
ai(t); this is usually referred to as the leading Regge pole. In total, it can be 
concluded that for t — > oo, the behavior of M. is given by 

M{s,t) ~ <f)(s)t ais) (2.21) 

with being a function depending on s only and a(s) being the pole 

position of the leading Regge pole in the complex I plane. Following the 
argument given above, we obtain for s channel reactions 

M{s,t) ~ <f){t)s a(t) . (2.22) 

It can also be shown that in s- channel reactions, a(t) is purely real if t 
is below the lowest two-particle threshold; the same statements hold for t 
channel reactions with s «-> t. 

Another result from M. being written in the form given by ()2.20|) is the de- 
scription of pole behavior in dependence of s/t described by Chew-Frautschi 
plots. Looking at t only now (the substitution for s can easily be made fol- 
lowing the above argumentation), it can be shown that the contribution from 
one of the poles behaves like 

f() 1 (j±( l) 1 ) ( 2a (' S p) + 1 \ P( S p)/ a 'real( S p) 

1 1 2 ^ 1 >} y a (s p ) + l + l) (s-s p )+ia im (s p )/a' real (s p ) 

near a pole at s p . For a im small, this corresponds to a Breit-Wigner resonance 
formula. Therefore, we expect physical exchange particles in the t channel 
exchange whenever I takes an integer value; the particle mass will then be 
given by t = m 2 . These are so-called t-channel resonances. 
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For extension to t < 0, i.e. the s channel region, a(t) describes the high 
energy behavior of the amplitude according to ([2.22)1 : taking the dominating 
pole contribution only, M. is given by 



— XTVOL _| "1 

M{s,t) pole = - 7X (2a{t) + l)(3{t)P a {z t ) e — + 0{zt a - 1 ) 

Z sin ixoi 

(2.23) 

P(t) is the residue of the pole at a(t). 

Finally, we can investigate the high-energy behavior of cross sections cal- 
culated from A4; for s — > oo , t = , we obtain 

M(s,t = 0) = const. s a{0) 

and therefore 

rtot ~ s^)" 1 . (2.24) 
For differential cross sections, we obtain 



| ~ |0(t)| 2 ^" 2 ; 
for small t, a(t) can be expanded by 

a[t) w a(0) + a't . 



2.1.5 Pomeron and Odderon from Regge theory 

Taking into account the estimated behavior of total cross sections described 
by ([2.24)1 . we can investigate the experimental data for total hadron-hadron 
cross sections; as can easily be seen from figure E2E cross sections for various 
final states tend to increase as s is growing. 

Historically, the Pomeron was postulated at a time when experiments did 
not yet exceed a total squared energy of \fs = 10 GeV ; for these values, a tot 
is approximately constant. Therefore the Pomeron trajectory was originally 
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Figure 2.6: total pp cross sections [3]; not fitted 

assumed to have an intercept at a(0) = 1 according to ()2.24j) . Recent data, 
however, even show a rise in total cross sections as s — > oo; therefore, a(0) 
has to be bigger than 1. Fitting data from pp and pp reactions, a(0) can 
indeed be shown to have a value around 1.08 [T8] . Foldy and Peierls [T^j 
showed that any exchange leading to a non-falling cross section for rising s 
has to carry the quantum numbers of the vacuum, i.e. be colorless, have 
zero isospin, and even parity; moreover, the optical theorem requires even 
signature. Assuming the dominance of this trajectory in high energy hadronic 
reactions, the Pomeranchuk theorem [20] stating that 

a PP( s ) = a pp {s) for s -> oo (2.25) 

is automatically satisfied. The corresponding trajectory was therefore called 
Pomeron-trajectory. The intercept at 1.08 violates the Froissart-Martin bound 
stating that for s — > oo for any hadronic total cross section, 



a tot < A\n 2 s (2.26) 

with 

A pa QOmb . 

However, as this violation only becomes visible at high momenta at the order 
of the Planck scale, it is not improbable that processes different from the 
single-Pomeron exchange will enter and preserve this bound. Moreover, it 
can be argued that the intercept at a(0) = 1.08 is only an effective intercept 
actually arising from the exchange of two or more Pomerons (so-called Regge 
cuts). For more details as well as a treatment of the Froissart Bound in 
perturbative QCD we refer to the literature (e.g., |21j). 
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An amplitude similar to the Pomeron with respect to color, but with odd 
parity, was first proposed by Joynson et al [22| i n investigation of %|t=o f° r 
7i~p — > 7i°n as well as differences between ir + p and n~p total cross sections 
in dependence of total lab energy. They work in the framework of so-called 
helicity-flip and helicity non-flip amplitudes where the dependencies of the 
quantities investigated are given by 



a n + p — a n - p oc Im A4hf(t = 0) ■ (2.27) 

In their work, they realize that, while each magnitude on its own can be 
described by the at that time standard Regge-theory, the parameters from 
both fits are incompatible. They conclude that a new Regge amplitude which 
is purely real at t — and has an intercept of a(t — 0) = 1 is apt to 
describe both measurements simultaneously; these requirements are fulfilled 
by a Regge trajectory with odd signature, as we can see from ()2.23|) . In 
addition, it corresponds to a pole for I = 1 in the complex /—plane. Due to 
the odd signature of this trajectory, it is called the Odderon. Equally, the 
Odderon has odd parity; for a discussion of the connection between parity 
and signature, see e.g. [T7j. 

Similar effects were already noticed for comparisons between NN and NN 
total cross sections by Bouquet et al. 23. as well as Lukaszuk and Nicolescu 
in considerations of pp and pp cross sections (Hj- 



2.2 Nonperturbative effective propagators and 
vertices 

There have been various attempts to deduce the behavior of Pomeron and 
Odderon trajectories from QCD. Here, states with corresponding quantum 
numbers can easily be represented by two or three reggeized gluons, respec- 
tively. However, the perturbative Pomeron and Odderon are not apt to de- 
scribe current experiments where nonperturbative effects play a major role. 
Effective Pomeron and Odderon propagators and vertices can be deduced 
from hadron-hadron scattering experiments by making a Regge-ansatz for 
the scattering amplitudes. However, the so-derived expressions are only ef- 
fective descriptions not directly corresponding to real physical particles. In 
the following section, we use standard notations from QFT (see appendix lBj) . 
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2.2.1 General features of pp and pp elastic scattering 

For a motivation as well as deduction of effective Pomeron and Odderon 
propagators, we consider elastic pp and pp processes 3 : 



p(pi) 




\ X (pi -pi) 



p(pi) 




\ X(pi-pi) 




P(P2) 



(a) pp-scattering 




p(p2) 



(b) pp-scattering 



For both reactions, we can decompose A4 pp /pp in helicity amplitudes using 



{p{p' l )p{p' 2 )\M\p(pi)p(p2)) = 

«o'(p'l) %(P 2 ) rSaW^'l'^'^ 1 '^ 2 ) M^l) M^) 



{p(pi)p(P2)|A^|p(pi)p(p 2 )> = 



(2.28) 



with 



r K/J7?(pl»P2»Pl»P2) = (2mJ MPi, S i) W /3'(P 2 ,4) X 

(z>(p'i, s 'i) P(P2, s' 2 )\M\p(pi, si) p(p 2 , s 2 )> u a (pi, Si) Up(p 2 , S 2 ) 



1 ^ 



V allp>p(p'liP2iP±iP2) = Ua(Pl,Sl)W/J'(P2,s' 2 ) X 



4 

2m / 

si) p(p' 2 , s 2 )|A^|p(pi, si) p(p 2 , s 2 )> v al (p[, si) %(p 2 , s 2 ) 

(2.29) 



3 This section is highly indebted to private communication with O. Nachtmann 
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where we sum over the spins Sj, s[. From the LSZ reduction formalism (see 
e.g. [21]), we know that incoming particles and outgoing antiparticles are 
equivalent by the substitution 



u{p,s)e- ipx < — ► -v(p,s)e ipx (2.30) 

in the corresponding reduction formula for fermions; taking this as well as 
()2.13j) into account, we can easily see that 



Cwbi.^.pi.^) = - rS> /3 (-pi,p / 2 ,-p / 1 ,p 2 ) (2.31) 

In general, for 2 — > 2 particle reactions with fermions, we can decompose V 
into 16 helicity amplitudes; however, as we are interested in reactions with 
helicity conservation for s — > oo and \t\ small, we will solely investigate the 
amplitude corresponding to 7 M <S> 7 M . Helicity conservation in connection 
with diffractive scattering has been proposed e.g by Gilman j2S] and treated 
theoretically by Landshoff [26J and Jones [27] ; for a closer treatment, see 
and references therein. 

In j2H], the proton- Pomeron coupling is decomposed according to 



u{k') llx u{k) [Ff{t) + F?(t)] + iu{k')a^u{k) q u [F%(t) + F^{t)\ (2.32) 

where F[ and F\ denote couplings to charge and magnetic moment and 
q = k — k'. i — p,n corresponds to contributions from p and n quarks 
(corresponding to u and d quarks in contemporary notation); the first term 
in ()2.32|) corresponds to helicity conservation, the second to a helicity flip. 
Sec [26 1 and references therein for more details. 

It is then shown that the coupling is dominated by the helicity-conserving 
part; therefore, we only have to look at the 7 M ® 7 M like contribution to M.. 
Taking this into account, we can write T^) and rG*> as 



r E,w(p'l'P2>Pl>P2) = 

Tpp(M) (i) [(/i+™)7^i+™)U (2^) [(^+™)7^2+m)] w , 

(2.33) 



18 



where v is given by 

s — u 



Considerations closely following the ones given in (|2.1.2j) show that T pp and 
Tp p are limits of an analytic function A(v,t) with cuts and singularities in 
the complex v plane given by 



2 1 2 1 

V\ = m — 2 m 7r — ~^ PP -scattering 

2 1 

u 2 = m + -t pp-scattermg . 



Furthermore, we can conclude that 



A*{u*,t) = A{u,t) (2.34) 

(see (EUl) and 

Tpp(u,t) = lim A(u + ie, t) , 



T Pp (u,t) = - lim A(-v - ie, t) (2.35) 



(see (|2.11jl ). We now define 



A ± (v,t) = i[A(z/,t) T A(-z/,t)] (2.36) 



and obtain 



lim [A + (y + ie,t) + A_{y + ie,t)] , 
lim [A + (u + ie,t) - A(v + ie,t)) . 

(2.37) 

Having in mind that the Pomeron is even under charge conjugation and 
therefore couples to p and p in the same manner while the Odderon is odd 
leading to a sign change between p and p-Odderon couplings, we can interpret 
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A + as the Pomeron, A_ as the Odderon amplitude. Combining (|2.29J1 . ()2.33|) 
and ()2.37|) . we get 

(p(Pl, S[)P(P2, S 2 ) \M\p{pi, Si) p(p 2 , 8 2 )) 

= T pp (v, t) u(p[, s[) Y u(p 1 , Si) u{p 2 , s 2 ) 7^ u(p 2 , s 2 ) 
^T p /-,t)2s5 s , iSl 5 s , 2S2 (2.38) 

in the limit s — > 00 and \t\ small. Likewise, 



(p(p[, si) p(p 2 , 4) I-^|p(Pi,si)p(P2,S2)) — ► Tpp(-,t)2s8 s > iSl 8 s > 2S2 

(2.39) 

in the same limits. 



2.2.2 Effective Pomeron and Odderon propagators 

Closely following |lj , we will now make a Regge pole ansatz for the amplitudes 
for Pomeron and Odderon exchange given by ()2.36|) ; for the Pomeron, we use 



A+(v + ie,t) = i ^F^t)) 2 exp \ (a F (t) - 1) 



ln( 



v 



"0 



ILfp 



(2.40) 



with 



a P (t) 
Fi(t) 



Pomeron-quark-coupling , 
Pomeron trajectory , 
form-factor of the nucleon 



(2.41) 



The phase factor yjp can be determined by looking at the analyticity proper- 
ties of A + {v, t) as described in section (j2.1.2|) ; taking these into account, we 
can determine (fjp to take the value | and get as a final expression 



A+{v + ie,t) = i(3/3 P F!(t)) 2 exp^ (a P (t) - 1) 



ln( 



-7T 



(2.42) 
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in the limit v — > oo. Similar considerations for the Odderon amplitude lead 
to 



A_(z/ + ie,*) = (3pVMt)) 2 ?toexp (a (t) - 1) 



— 7T 

2 



^2.43) 



with fto and «o being the analogous quantities of (j2.41|) in the case of Odd- 
eron exchange. From the optical theorem (|2.9|) as well as the observations 
leading to postulations of the Pomeron and Odderon in the first place (see 
section l2.1.5|) . we can conclude that 



A + {y + ie, t — 0) oc +c im purely imaginary and positive , 

A-(u + ie, t = 0) oc ± Creed purely real . (2.44) 

We see that the expressions given above fulfill these requirements; t/q = ±1 
reflects the sign ambiguity in A_. Combining now (|2.37|) . (|2.38p . (|2.39|) . 
(j232I), and J23HJ), we arrive at 



(p(Pi, s[)p(p 2 , s' 2 ) \M | p(pi, s 1 )p{p 2 , s 2 )J 

— 2 S (SpVMt)) 2 { i H^) ap(t) " 1 + *(|) 2 H^-) ao(t) - 1 } , 

(p(p'i, si) p04 4) l-M I p(pi> s i) p(pa, s 2 )y 

— 2s (3 W (i)) 2 {i (-^)° p(t) - 1 - %(|) 2 H^)" ®" 1 } ^ ^ • 

(2.45) 

These expressions are related to the total cross sections by the optical theo- 
rem fl231 • 

Using now the fits from JH] and following jl] for the parameters given in 
(j2.41|) for Pomeron and Odderon respectively, we obtain 



atn>(t) 
1 1 

2z/ s 



1 + £ + Opt 
1 



rat 



(2.46) 



with 
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e = 0.08 , a' ¥ = 0.25GeV~ 2 , m p = 0.95 GeV and (3 ¥ = l^GeV" 1 
and for the Odderon 

ao(t) = l + e' + a' Q t 



(2.47) 



with e' — 0. For the proton form factor, we use [3] 



4 m 2 —fBL 

F p (t) = Ff{t) = /„ m G D (t) (2.48) 



with 



Am 2 p - 1 



g 

u„~2.8uat ; Un = nuclear magneton 

2 m p 



and Gu(t) the electric form factor fitted in a dipole form 



(2.49) 



1 

(1 - f/ml) 

with m 2 D = 0.71 GeV 2 |2E1, 



G « = 7^ TTZT^ ( 2 - 5 °) 



As a final step, we will consider the total pp and pp cross sections as well 
as the p— parameter for the case t = . The latter is defined by 

ReM , 

P = -T-T7 ■ 2 - 51 
ImM 

For the cross sections in the case of t = 0, we arrive at the following expres- 
sions 



&U = 2(3/5 P ) 2 |( S / S0 rcos(|vr) + / K r ?o (^) 2 ( S / S0 ) £ 'sin(^ 7 r) 

(2.52) 

with 



f n 



—1 for k = pp 
+ 1 for k = pp 
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For p, we obtain in the same limit 



p(w) s -p(wO s _^ - ' V f ; 1^4. 2.53 

(s/s ) £ - £ cos(|tt) 

With e' = according to ()2.47j) . we see that — > in the limit given 
above. 

Taking the results given by (J2.52J1 and ([2.53)1 . we can now extract ef- 
fective Feynman propagators and couplings for the Pomeron and Odderon 
respectively. In case of the Pomeron, we obtain 



P — propagator : — i i (—is/ So)^ ap ® ^ 

P pp - vertex : -i 3 fa F 1 [ (p' - p) 2 ] 7^ 
P pp - vertex : -i3 (3 P F 1 [(p ; - p) 2 ] 7 M , 



(2.54) 



and for the Odderon 



-is/ s ) 



(ao(t)-l) 



1) — propagator : — i p© 

Q pp - vertex : -i 3 /3b i*i [(p' - p) 2 ] 7^ 
O pp - vertex : +z3 /fo Fi [(p' - p) 2 ] 7 M . 



(2.55) 



However, when using the expressions given by (|2.54|) and (|2.55J) for calcula- 
tions within the framework of field theory, it has to be taken into account 
that they only correspond to effective expressions. 



2.2.3 Vertex for 7 O* 7r u coupling 

For completeness, we already list the result for the 7 O* 7r° coupling; see 
chapter El for a closer discussion. From (j3.49jl . the 77*71"° vertex is given by 



(y 2 2 

r^jy = 7 Sui/pa k^k 2 T(hi, k%) (2.56) 

with 
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r(fc -- 0) = 1-^/,., • /' = 93Gev - 

(see (j3.56|0 . Following the argumentation given in section E31 the 7r°7<Q)*- 
vertex can be obtained by simply substituting e — > (3q and also assuming 
color-blindness of the Odderon; taking this into account, we obtain 

Try = ~ Tps ( 2 - 5? ) 

with r T o = 3 . Here, we closely follow [TT] . 

Combining 1)2.56)1 and (J2.57)) . we obtain for the 7O* 7r° coupling 

o^o _ a 1 Pq 



2.3 Pomeron and Odderon from pQCD 

In the perturbative regime, the Pomeron and Odderon can be described as 
states composed of two or three reggeized gluons, respectively, leading to a 
Regge-behavior in the form of 



M(s,t) ~ (j)(t)s ait) . (2.59) 

However, due to dominance of nonperturbative processes, the perturbative 
expressions are not apt to describe the behavior of total hadronic cross sec- 
tions adequately. There is extensive literature on the field of applicability 
of perturbative and non-perturbative approaches; we will only give a short 
sketch of the derivation of the perturbative Pomeron and Odderon and refer 
to the literature for more discussion (see e.g. [21] and references therein). 



2.3.1 Reggeization of particles 

A particle is said to reggeize if an exchange in an s or t channel reaction 
with the particles quantum numbers leads to a Regge-behavior as described 
in section 12.1.41 Furthermore, we require a(m 2 ) = J , with m and J being 
the particles mass and spin 4 , respectively; therefore, the particle has to lie 
on the Regge-trajectory described by a(t). 

4 For a more detailed discussion of the relations between the angular momentum intro- 
duced in section TT~\\ and the spin of the particles, see [3D], |17) . 
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Reggeization of particles was first proposed by Gell-Mann [31]. The pos- 
sibility of reggeization of fermions was first shown by McCoy and Wu 
for QED and later extended to non-abelian theories by Mason and Sen 
|34j . Similarly, the reggeization of the gluon was first shown by Tyburski 
|35j . Frankfurt and Sherman [HE!, and Lipatov |37j . 

In order to arrive at a behavior described by 1)2.59)1 . we expand M. ac- 
cording to 



M oc s a{t) = exp(a(t) ln(s)) = V ~r («(*) ln ( s ))" ( 2 - 60 ) 

^— ' n\ 

n=0 

and therefore 

oo 

M = J2 Mn ( 2 - 61 ) 

n 

with M. n = 0((a s ln(s)) n ). Starting from perturbation theory, we will can 
relate g (the coupling constant of the respective theory) to a(t); therefore, 
the expansion will be done in (g 2 lns) n . 

We define the functions jF n via Mellin transformations of Ai n such that 

// S \ ~~ s f t — r Cpk' 

ImM n (- 2 ) d(-) oc J \l {k ._ m . ){{k ;_ q? _ m .fn{^K<i) , 

(2.62) 

where ki denote momenta and m masses of internal exchange particles; the 
exact form of (j2.62j) as well as the meaning of ki depend on the case investi- 
gated. If summing up T n leads to a final expression according to 

OO j 

T{u) = J2 ?M oc -, (2.63) 

with k denoting the type of pole, we obtain 

M oc (-) 

as required by ()2.59j) . 

One way of calculating this is to express the contributions to M. n by 
the use of n^-rung ladder diagrams (see figure 12. 7j) to which we can relate 
the imaginary part of M. with the help of the Cutkosky rules (|2.8jl . Non- 
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f- 

t 

• - 

• - 

'/ 



/ reggeized particle 
• effective vertex 



Figure 2.7: 3-runged ladder diagram for reggeized particle exchange 

laddertype contributions are included by defining effective vertices; this is 
e.g. the case in the reggeization of the gluon in QCD. Finally, calculating 
the functions f n defined by the inverse Mellin transform of T n such that 



ImMn oc d 2 k n f n (s,k n ,ki, ...) 



(2.64) 



leads to an recursive integral equation for T . Symbolically, this is given by 



T = lowest order term + [T + extra rung) 



(2.65) 



(see figure |2~%J) . 

Analytically, (j2.65j) corresponds to 



uF(u)) = T°(co) + JC • (2.66) 

with J^ioS) denoting the propagation of a reggeized particle only and /Co 
the corresponding kernel. In derivation of the perturbative Pomeron, this is 
known as the BFKL equation; a similar relation called BKP equation holds 
for the derivation of the perturbative Odderon. 

The formulas derived so far hold for the case of scattering off on-shell 
particles; in this case, T includes the couplings to the external particles. In 
the case of scattering including hadrons, (J2.62|) has to be modified to take 



T 



T 



X 



A 
#- 

} 



Figure 2.8: symbolic form of integral equation corresponding to ()2.65|) 
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the quark distribution inside the hadrons into account; this is done via the 
definition of impact factors. In this case, we obtain 

/n w _ m .) **(*■■ ") «) *■(*,, ») 

(2.67) 

with and & B (ki,q) denoting the impact factors. For more details, 

see |25 an d references therein. 

2.3.2 The reggeized gluon 

In [21], the gluon in reggeized using the methods described in the previ- 
ous section; effective vertices include the non-laddertype contributions to 
Ai n , while effective propagators corresponding to the reggeized gluon include 
higher order contributions; in fact, a reggeized propagator consists of an n- 
runged ladder which vertical parts consist of n-runged ladders etc. ForjF(c<j) , 
we obtain 



7T a s Nq 2 ± 
2 4vr 2 



-qD) 



[2.68) 



with 



g 2 

N = 3 : number of colors , a, = — 

4vr 



This leads to 



d 2 k. 



1.2 1 _ p i-Ka G {t) 

M oc -f^Y^—, (2.69) 



corresponding to a Regge trajectory of odd signature. Here, aa(t) = 1 + 
Ea{t) and t = —q 2 . 
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2.3.3 pQCD Pomeron 



With the help of the reggeized gluon from section 12.3. 2\ and again closely 
following [21], it is now easy to construct the Pomeron from pQCD: the 
lowest order contribution simply corresponds to the exchange of two reggeized 
gluons, higher orders can successively be built from n-rung ladder diagrams. 
Here, the use of the modified effective propagators and vertices ensure again 
the inclusion of non-ladder-type diagrams and higher order contributions 
to the propagator. The integral equation (known as the BFKL equation, 
[SB], [SHI) is now related to the propagation of two gluons representing the 
Pomeron. Summarizing, we obtain the following behavior 

F{w,k 1 _L,k 2 ±,0) cx -=L (2.70) 

with 

lu = 4 In 2 . 

7T 

The calculation resulting in ([2.70J) is done for q — , i.e. zero momentum 
transfer. However, it can be shown that calculations done for q ^ lead to 
the same high-energy behavior. In total, we obtain an M. dependence in the 
form of 



M oc s av{t) (2.71) 

with ap(t) = 1 + ujq. 

We can already distinguish the behavior of this hard Pomeron from the 
soft Pomeron considered in section l2~2l 

• ap(t) as given by (j2.71|) does not depend on t as expected by Regge 
theory; furthermore, the intercept at t = is much too large to describe 
a Regge-type behavior of cross sections. The behavior can slightly 
be improved by taking into account the running of a s (t), the strong 
coupling constant; however, these modifications do not suffice to deduce 
the soft Pomeron behavior. 

• The singularity of the Mellin transform given by (|2.7()jl is a cut rather 
than a pole; this can be fixed by taking running coupling into account. 

• As a consequence of the large intercept, unitarity corresponding to the 
Froissart-Martin bound seems to be violated for small values of s. 

Therefore, we conclude that the hard Pomeron from pQCD cannot de- 
scribe the soft-Pomeron effects of hadron-hadron scattering. 
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2.3.4 pQCD Odderon 

Analogously to the Pomeron, the Odderon can be described in QCD as the 
exchange of three reggeized gluons. Bartels [10] and Kwiecinski et al [H] sug- 
gested an integral equation corresponding to (|2.fi5|) describing the exchange 
of n (Bartels) and 3 gluons (K and L) respectively as early as 1980. In both 
cases, the authors build the 3-gluon exchange out of reggeized gluons. Effec- 
tive 3- and 4-reggeon vertices are defined. The integral-equation similar to 
(|2.fjfjjl known as the BKP equation then relates the equivalent of T as given 
in (|2.fj3jl to the lowest order state + extra contributions; however, the "extra 
rung" piece has to be summed over possible interactions between two of the 
three gluons, respectively. The two-gluon interactions are again described by 
the BFKL equation derived for the Pomeron case. 

The intercept and therefore the pole of the reggeized Odderon propagator 
has been studied extensively by several authors (see e.g. [12], [IB], [H]); 
recent results give a(0) ~ 0.96 [13] and a(0) ~ 1 44; however, the two 
values have been calculated using different techniques and confirmation or 
exclusion from experiment remains open. 
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Chapter 3 

The 7T° — 77 and 7r° — 7*7 coupling 



3.1 Noether currents in field theory 

As the 7T° — 77 coupling is mainly described by a model based on partially 
conserved axial current, we give a short introduction to current description 
of electroweak interactions; for a detailed discussion, see e.g. [35] . 
We consider a field theory where the Lagrangian is given by 

C = C(<f>i(x),d^i{x)) (3.1) 

with <pi(x) being the quantized fields and x spacetime 4- vectors. We now 
consider an infinitesimal transformation of the fields: 

4>i(x) -> = (f>i(x) + 5(f)i(x), 

SfaW = ieH^jix) (3.2) 

where are the generators of the corresponding group of transformations 
obeying 

[t a y t b ] = iC ahc t c . (3.3) 

Qabc are structure constants of the group. A group of transformations 
where the group elements U(e a ) can be described by infinitesimal variations 
around unity as in ([3.2]) is called Lie-group; we can express the corresponding 
transformations according to 

#(a;) = U(e a )<p t (x) = e^faix), 
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i.e. 



U(e) = e l£ ^ . 

The algebra (|3.3|) is called Lie-algebra. 

We can now calculate 8£((f>i(x), d^i^x)) resulting from an infinitesimal 
transformation of &; : 



5C(4>i(x),d fl (f) i (x)) = e a d fJ 



where we defined the current J^' a according to 



(3.4) 



^ E (3 - 5) 

If now 5C = under the transformation, d il J ,x,a = , i.e. J^ a is conserved. 
We obtain corresponding constant charges Q a with 



Q a (x°) = J d 3 xJ£(x) (3.6) 

which can be shown to obey the Lie-algebra (|3.3|) and can therefore be iden- 
tified with a generator of the Lie- group. Even in the case of unconserved 
currents, the charges Q a still obey ()3.3)1 if taken at the same time x°. 

In the V — A theory of weak interactions 1 , the Lagrangians are expressed 
in terms of conserved or unconserved Noether currents; for a more detailed 
discussion, see e.g. [45j . [4*p] . For different interactions, we obtain: 

• Electromagnetic coupling to leptons 



The Lagrangian of a free leptonic theory is given by 



A> =#7„^-m)V> (3-7) 

where ip denotes the fermion-field and m the associated mass (see 
appendix El for notational conventions). From gauge invariance of the 

lr rhe V — A theory is nowadays embedded in the standard model and represented by 
te exchange of W and Z gauge bosons. 
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electromagnetic field, we can perform the minimal substitution <9 M — > 
+ ieApix), thereby introducing the interaction Lagrangian 

Cem =~e 4>(x) 7 ^(x) A^x) . (3.8) 
Ctat = £o + C-em is invariant under 

A„(x) -> + (3.9) 

leading to the conserved current 

= e^(x) 7 ^(x) (3.10) 

and the corresponding charge operator Q given by (J3.6j) . We can now 
rewrite (|3.8j) : 

£ em =-^(^)^(x). (3.11) 
purely leptonic interactions 

Motivated by 1)3.11)1 . the lepton-lepton interaction Lagrangian is given 
by 



G 

C w —^=1^ (x)Z^(x), 

= ^(x) 7 M (l-7 5 )^ e (x) +Mx)r(l- 1 5 )^{x). 

(3.12) 

G = 1.03 x 10~ 5 m~ 2 is Fermis constant. From experimental observa- 
tions it has been seen that only the left-handed parts of the leptonic 
currents contribute. We split l^(x) into vector and axial vectors parts 
corresponding to their properties under Lorentz-transformations: 



= ^^( I )7^,W-^^(x)7"7 5 i l W (3.13) 
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with i = {e, /i} . 

We now consider two different kinds of transformations and the asso- 
ciated currents and charges: 

1. 

jf = ^y^ + ^YV* (3.i4) 

from the transformation 




(3.15) 



Q i = (Ni + N Ui ) — (Nj + N Pi ) 
corresponds to the conserved lepton number. 
2. We can introduce an isospin-like formalism, denoting 



In this formalism, the currents ^ 4 7 M corresponding to the trans- 
formation ()3.9)1 are conserved, while the currents corresponding to 
the vector and axial currents in the isospin formalism, 



i 

l l» = E^V/b^*** 

i 

are only conserved in the limit m e = — > 0. Actually, it can be 
shown that the violation of current conservation is proportional 
to rrii. 

• quarks and associated currents 

We can define quark currents similar to ()3.14j) . i.e. consider conserved 
currents of the form 



4 = Vlv?? 
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(3.17) 



the corresponding conserved charges are the quark numbers; i denotes 
different types of quarks; we limit our considerations to u, d and s 
quarks. 

In addition, we define vector and axial vector currents corresponding 
to the transformations under the SU(3)-flavor group; they are given by 



Al = VWst^W (3.18) 



where 



V'v 



X a are the Gell-Mann matrices. 




The vector current is conserved if all quark- masses are equal; for con- 
servation of the axial vector current, we additionally have to require 



m q = 0. 



A closed Lie-algebra corresponding to ()3.3|) for the axial currents can 
only be constructed by combining the charges associated with V£ and 

Aa 
M 

electromagnetic coupling to hadrons 

The substitutions of the form — > + ie q leading to ()3.8|) in the 
leptonic case correspond to 

d, - d. + ieUx' + ^X^A, (3.19) 

for the single quarks; the current describing the electromagnetic cou- 
pling of hadrons is then given by 



jem 



V, 



Y 



V 

3 " 



Y 



(3.20) 
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and V* given by (|3.18|) . 
Therefore, we obtain 

= -eJ™A». (3.21) 

• hadron-lepton interactions 

Similarly to the current describing electromagnetic interactions, cur- 
rents corresponding to hadron-lepton interactions can be constructed 
using the Gell-Mann matrices of the SU(3) flavour group. 

Basically, the hadronic currents are divided into parts conserving and 
parts violating strangeness S; both currents are split into vector and 
axial vector parts. The distinction between AS* = and AS ^ is 
done by the Cabibbo-angle 9c', in general, the derivation follows the 
argument given above, so we just quote the results: 



jW = Jf=° cos 9c + Jf*° sin 9 C 

T AS=0 _ T /A5=0 A AS=0 

j /i — v n /l 5 

jAS^O _ yAS^O _ j^AS^O 

fl fl fl 



(3.22) 



In terms of the vector and axial vectors 1)3.18)1 associated with the Gell- 
Mann matrices, we obtain 



(3.23) 



we get the corresponding expressions for the axial vector currents 
by substituting 7 M -> 7^75. 

Summing everything up, jjt can be written in the form 

Jjp = *Pu7^-l5)^d cos 9 c + ^ ulfl (l- l5 )tfj s sin 9 C . (3.24) 
The hadron-lepton interaction Lagrangian is then given by 

= -JfL j(h)M/t +h , c , . (3.25) 
y/2 " 
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The Cabbibo angle 6q can be determined from the Cabbibo-Kobayashi- 
Maskara matrix; [3] gives limits according to 0.219 < cos^ < 0.226. 

• hadron-hadron interactions 

Following (|3.12j) . we can express purely hadronic interactions by 

C hw = -^jW"t( x )jW( x ) (3.26) 
with jW* given by (|3.24|) . 



3.2 Partially conserved axial current 

The assumption of the partially conserved axial current was derived in an 
SU L {2) x SU R (2) o model suggested by Gell-Mann and Levy [UJ. They 
consider a system consisting of an isospin doublet of massless fermions, a 
triplet of pseudoscalar pions, and a scalar field. The symmetry of the sys- 
tem is spontaneously broken and the pions are derived as massless Golstone 
bosons. The pion mass is then generated by putting m/ ^ 0. In this model, 



(0|4(x)K> = i5 jk U Pll e+* , (3.27) 

where A^(x) is the axial vector current associated with an axial SU(2) trans- 
formation; is the momentum-vector of the pion and f n the pion decay 
constant (see e.g. [21] for details). Taking the derivative, we now obtain 

(Ol^(x)l^) = 6 jk Umle-^. (3.28) 

If we define 

= ^T d " A » ( 3 - 29 ) 

m n Jit 

and combine this with ([3.28)1 . we see that we can associate <f)^(x) with the 
pion field operator, as 

(0|^(x)|^') = 5 jk e-* xp . (3.30) 
The generalization of ()3.29j) . 

oc m 2 , (3.31) 

is called the hypothesis of the partially conserved axial current. It was first 
suggested by Nambu [1H], Chou [1UJ, and Gell-Mann and Levy [17]. The 
decay constant f n was approximately determined as /„- = 93 MeV in the 
process tt — > \i v^. 
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(a) 



(b) 



Figure 3.1: Diagrams contributing to triangle anomaly 

3.3 The axial anomaly 

We consider a process described by a triangle diagram figure 13.11 where 
two vector currents and an axial vector current couple in lowest order in 
perturbation theory. We will consider the matrix element 



J d 4 xe- iqx (hhl A„{x)\0) = (27r) A S (4) (q-k 1 -k 2 )(-te) 2 x 



(3.32) 



The Feynman-rules for t a gn are given by figure 13.11 



taPnifa, fa) = i 



d 4 p 



Tr 



(2tt)* 
a < — > j3 
ki < — > k 2 



7/3 



la 



— ft?- m ]/> — m ]/> + fix— m 



■7m 75 



(3.33) 



Additionally, from the equation of motion for Heisenberg fields, we obtain 

d^(x) = 2im A P(x) (3.34) 

with 

P(x) = ip(x)j 5 ip(x) (3.35) 

and wia denoting the mass of the particle associated with the axial vector 
current. ()3.34|) corresponds to conservation of the axial current for — * 0. 

Naively, we expect the following Ward-identities to hold (for a derivation, 
sec e.g. [50 ) : 
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ki t a pn(ki, k 2 ) = k 2 t a/ 3^(ki, k 2 ) =0 (Vector Ward Identity), 
{k\ + k 2 Yt a p p = ^ rriA v a p{ki, k 2 ) (Axial Ward Identity) 

(3.36) 



with 



u a/3 (ki, k 2 



d 4 p 



Tr 



1 



1 



7/3' 



To 



+ 



27T 4 \J) — $2— m $ — m i> + ^1 — 777 

a « ► p 

k\ < — ► k 2 



1* 



However, when calculating the Feynman diagrams, we see that the Ward 
identities (I3.36|) cannot be fulfilled simultaneously 2 . If we require the vector 
Ward identities to hold, we have to modify t a pn(ki, k 2 ) according to 



t a pfi{ki,k 2 ) — > T a p^(ki,k 2 ) — t a pp(ki, k 2 ) — —— {k x — k 2 ) v e a 



7l z 



Pfiu 



(3.37) 



We then obtain the anomalous axial Ward identity 



^Tap/ifa, fa) = 2 m A u a/3 - — e at3X u K k 2 . 



(3.38) 



This also implies a modification of ()3.34j) : 



dpA 1 * = 2im A P +j^-y 2 e a ^ F a p{x)F pa {x) (3.39) 

with F /Ul (x) being the usual electromagnetic field strength tensor. The con- 
siderations above hold in the simple Abelian case where 

Mx) = ${x) lhl ^{x) ■ (3.40) 

2 Actually, the fulfillment of H3.36|) depends on the choice of regularization used for the 
calculation of the Feynman diagrams given in figure 13.11 While a naive linear shift of the 
integration parameter as well as a Pauli-Villars regularization violates the Vector Ward 
Identities, a dimensional regularization only implies a modification of the Axial Ward 
Identity. However, the axial anomaly given by l|3.38|l is independent of the regularization 
method if we require the Ward identities for the photon vertices to hold. For further 
discussion, see |5()j . Here, we pursue the method of simple integral shifting. 
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for non-Abelian cases, (|3.38jl has to be modified according to 



q'TXikiM) = 2m A v af3 -^e a Xtik»D abc (3.41) 

with 

D abc = - Tr ({K a , K b } K c ) . (3.42) 

The matrices K a reflect the internal symmetry and are related to the currents 
by 

Vf(x) = ^(x)K a ^(x), 

A^x) = i>{x)K a lt , l5 i>(x). (3.43) 

In the chiral limit — > 0, we see from (|3.38|) to (|3.41|) that q fJj T a ^ fl and 
d^A^ are dominated by the anomaly. 

3.4 The processes n° — > 77 and n° — > 77* 

For the process tt° — > 77, we consider the matrix element 

(j{h)l(h)\Aq)) = ^y^e-^(m 2 -g 2 )( 7 (A ;i )7(A;2)|^(x)|0) 

= (27r) A S^\q-k 1 -k 2 )e* a (k 1 )6* ( '(k 2 )T af3 (k 1 ,k 2 ) . 

(3.44) 

Comparing this with ()3.32|) . and taking into account PCAC as given by 
(|3.29p . we naively expect 

J d A xd^ x (7(fc 1 ) 7 (fc 2 )|A / ,(x)|0) = mlU J rf 4 xe"^(7(A; 1 )7(A:2)|0.(x)|O) 

(3.45) 

and therefore 

(2vr) 4 6^(q -h- k 2 ) e* a {h) s*?(k 2 ) (-ie) 2 q" t aP ^h, k 2 ) = 
= ~^fj* 2 W ?> ( '\q -h- k 2 ) e* a (k 1 )e* l3 (k 2 ) r aP (h, k 2 ) 

(3.46) 
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leading to 



(ftapp = f - no/ 2 2 v ^(fcl, k 2 ) ■ (3.47) 
{—ie) z (m z — q z ) 

However, this would lead to (j(ki) 7(^2) l 7 ^*?)) = for q^ — > 0. Adler 
[5T] suggested that (|3.47|) has to be modified according to the axial anomaly 
5.411): then, we obtain 



q^T at3fl = " r a/3 (fci,fc 2 ) - — e aPflu k"k^ (3.48) 

(— ie) z {m z — q z ) 2ir z 

and therefore in the soft pion limit g M — > 0: 

r a/ a(A;i, fc 2 ) = r-^ e a ^ u k^ k§ . (3.49) 

The constant c reflects the quark-content of the 7r°. In a simple quark model 
where 



A 3 

A^x) = ip(x) 7^75 — ip(x) , (3.50) 

with 

Q = | | -1 | , A 3 = | -1 | , (3.51) 



u 

ip — | d | , and the inclusion of color, we can determine c using (jH.42j) as 
c = \ and therefore 



2 





o ^ 




( 1 










-1 





I'M 





-1 


i 








-1 ) 




V o 








<7(fci)7(fe)|vr°> = j^e a ^ u k^e* a (k 1 )e*%k 2 )(2n) 4 5^(q-k 1 -k 2 ). 

(3.52) 

For the process tt° — > 7 7* , we consider the meson transition amplitude 
F 7 » 7 » 7r (— k\, —k 2 ) defined by 
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= e 2 e a( ^ u k^e* a (h) e* p {k 2 ) F 7 . 7 . w (-fc?, -A; 2 2 ) (27r) 4 <^(g - A* - fc 2 ) 

(3.53) 

for off-shell photons, i.e. k\ ^ 0. For two on-shell photons, we immediately 
obtain from ()3.52j) 

= F rT7T (0,0) = . (3.54) 

On the other hand, pQCD gives for the case of large Qj = —kf 

\[2 f 1 4> w (x) dx 



with 



^nrWi.VaJ - 3 J q xQ 2 + {1 _ x)Q 2 



<t>A x ) = 6/^(1 - x) 



(3.55) 



being the pion distribution amplitude 

For the case k\ = 0, i.e. one on-shell photon, j^lj gives an interpolating 
dipole-form for F^* jn (Qf, 0): 

= 1 + Q2 /8n 2 J2 ■ ( 3 - 56 ) 

This formula has been confirmed by calculations using the constituent quark 
model jSS] as well as QCD sum rules [55] . 

Values for other pseudoscalar mesons can be simply derived by substi- 
tuting the respective decay constant fvM and quark content (see e.g. [TT]). 
Similarly, coupling to other vector mesons than the photons can be consid- 
ered by substituting e — > cvm with cyu reflecting the coupling of the vector 
meson. 
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Chapter 4 



Kinematics for 2 particle —> 2 particle 
scattering processes 



4.1 General kinematics 

The general cross-section for 2 — > n particle processes is given by (j2.6jl : 
1 n ^ 3 /r 

da = n 7^j4o (2-) - pi - p.) \m i 2 , (4.i) 

with 

Pi,P2 : 4- momenta of ingoing particles, 
hi : 4-momenta of outgoing particles, 

w(s,ml,ml) = yj (s — mf — m 2 ,) 2 — 4 m\ m 2 , 
m 1 ,m2 : masses of ingoing particles, 
\M\ 2 : squared matrix element of the reaction. (4.2) 

For n — 2, this reduces to 



da 



(4.3) 



Using 



2k? 



d%5(kf-m?) Q(k^) 



(4.4) 
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Figure 4.1: 2 — > 2 particle reaction in cm frame 

we obtain 

da = ^WWP m ~ m ' i] Q{k " )5 ' {kl + - - ft) \ M I 2 ( 4 - 5 ) 

and integration over d A k2 gives 

d °=L^wr S{)4 - m ° mkl) ^ (46) 

where k% = Px + p% — k^ . 

The total cross section a to t derived from the integral over (|4.fi|) corre- 
sponds to the inclusive cross section if the two outgoing particles are different. 
In case of identical particles, however, we have to take their indistinguisha- 
bility into account; here, a tot from ()4.6|) corresponds to the exclusive cross 
section. The inclusive total cross section is then given by 



Hi ! 

For 77 -> 7r 7r , ra* = 2. 



4.2 Kinematics for on-shell photons as incom- 
ing particles 

For on-shell photons, qf = mf = 0; from ()4.2)1 . we see that this implies w — s. 

In the system described by figure 14*711 with photons as incoming particles, 
we obtain 
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Qi = Pi 






w J 

jfc? 

kt 
ku 



P2 



( uj 2 \ 



\ -w 2 / 



(4- 



for the photons and the outgoing particles respectively. Furthermore, 



w = s 
^"2 



tui + uj 2 - k\, 
(qi + <h - hf 

2 (2a>i co> 2 - + u 2 ) k° + (loi - u 2 ) k lti ) + m\ 



(4.9) 



where 



with ki = (£) 



4.2.1 Constraints due to the S and O-functions 

From (jHB|) we see that the kinematics of the explored system are restricted; 
in order to evaluate the effects, we consider two different cases: 



Calculation of 4r-: 

dk t 

In this case, kt is kept as a free parameter. Therefore, we have to solve 
the 6 and function appearing in ()4.6|) in terms of k t using (|4.9j) : 



8{k 2 2 - ml) 



\f'{h)\ h=kl+ 



S (ki - k l+ ) + — 



\f'{h)\ 



S(ki~ fcj. 



fc;=fci 



(4.10) 
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with 



1 , , (wi + lj 2 ) \Jio x u 2 -m 2 - k 2 
h+ = 2^-^ + ' 



1 + uj 2 ) \fu\ lu 2 - m 2 - k 2 
h - = 2^~^ • 

kl (ui + uo 2 ) 



f{h) = 2 \u) x - oj 2 



= 2^!-u; 2 ^ J. (4.11) 

We used m\ = m' 2 = m for 77 — > 7r 7r . 
The equation above gives a restriction on 

fc? < uiu 2 - m 2 . (4.12) 

0(fc!j) leads to 

fef < (wj + w 2 ) 2 - m 2 - fc*. (4.13) 

By going into the center of mass frame of the two photons, we can 
easily see that (j4.1r}j) . taken k\ to be given according to ()4.11jl . is always 
fulfilled: reduce to 



ki + = \/ uS 1 — m 2 — k 2 , 

h_ = -^u 2 -m 2 - k 2 t (4.14) 

with 



UJl = uj 2 = UJ. 

The restriction arising from the B-function in this system implies 

kf < Auj 2 -m 2 - k 2 ; 

taking the values for ki± according to (|4.14jl . we see that this condition 
is always fulfilled: 

7 2 2 2 j2 / i 2 2 i 2 

k x = uj — m — k t < Auj — m — k t . 
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Solving the 5 - function, we obtain 



; 2 2 2 ; 2 ^ 2 2 

k l — u — m — k t < uj — m . 

da 



Calculation of ^ . 
Analogous treatment for gives 

1 



Kkl - m 2 2 ) = 6 (k t -k t0 ) (I I i 



with 

k 



to 



a/4 (oj~i - ki) uji u 2 (h + u 2 ) - m? (ui + u 2 ) 2 

f(h) = ^M|±^. (4 . 16) 



In this case, we get a restriction on fc/: 
with 



1 (wi + o; 2 ) V^i ^2 - ™ 2 

= - (^1 — Wo) ± , • 

1/2 2 v 7 2^^!^ 

e(fcg) leads to 

fc* < (wi + ^2) 2 - m 2 - fcf. 



Considerations similar to those following (j4.11j) again show that this 
condition is always fulfilled by the values of k t given by (j4.16j) . 

4.2.2 Mandelstam variables 

With two onshell photons as incoming particles, we obtain the following 
relations between the 4- vectors of the particles and the Mandelstam variables: 
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s = (qi + <? 2 ) 2 = (h + k 2 f 

= 2q l q 2 = 2(m 2 + kik 2 ), 

t = (qi~ h) 2 = (q 2 - k 2 f 

= -2qiki + m 2 = -2q 2 k 2 + m 2 , 

u = ( qi - k 2 ) 2 = (q 2 - kx) 2 

= -2q x k 2 + m 2 = -2q 2 k x + m 2 . (4.17) 

This implies 



qiQ2 = t:> 



s 

2' 
1 



Q1Q3 = 2 ( t_m )> 

= ^{s + u-m 2 ), 

ql = t (4.18) 

with q% = q^ — k± for the t- channel reaction. 
For a process in the u- channel, we obtain 



s 

q 2 % = ^(s + t-m 2 ), 

2 



qi = u (4.19) 

with q'£ = q\ — k%. Here, the s and u channel denote exchanges for an s 
channel reaction as given in figure l2~2l 



We see that switching between t and u channel implies the substitution 



t < — ► u (4.20) 
in (jUIED and (gZEIj). respectively. 
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4.3 Expressions for J^, in terms of cji and 

In order to arrive at final expressions for the differential cross sections, we 
still need to solve d 3 ki, this can easily be done using 

d 3 ki = \kt\ dk t dkidif — > \k t \ dktdki2ix (4-21) 

after integration over (p. 

Taking this into account and combining (j4.6j) . (j4.7jUJ4.11j) . and (j4.1fij) . we 
obtain: 



%r( k t) = —1^7— N x 

dk t rii ! 62 nui 0J2 



' ' \M\ 2 (*»+) + 77777 \ 7^777— \M\ 2 (fe- 



= h^d^ Kl ^h\fh-\ lMl2 {K) (422) 

where ki± = k[±(k t ) for the calculation of and = k to (ki) for calcula- 
tion of see section l4.2.11 fc; and fcj have to be kept within the kinematical 
limits described in the previous section. 



can be easily derived from ^ by 

der 1 da 



it is therefore given by 
da 1 



dlfol rii ! 64 7r tui lu 2 



dkf 2 \k t \ dk t 



x 



(4.23) 



1 ' \M\ 2 (**+) + 77777^ 77777-^ (*»-! 



(4.24) 



4.4 Kinematic variables and cross sections in 
terms of x\, Xi , and 5 

In the frame of a linear collider experiment, the measurable cross sections for 
77 reactions depend on photon fluxes according to the experiment; therefore, 
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e (E) 




Figure 4.2: 77 — > 7r 7r in lab frame 

in these reactions all quantities given above depend on the kinematic variables 
Xi, x 2 and S. They are defined by 

Xl ~ EC 

S = AE 2 (4.25) 

with 

Ei — E 2 = E . 

E is the center of mass energy of each particle participating in the outer 
process and S the corresponding M andelstam variable (see figure | 
Using these relations, we obtain: 

• for the kinematic variables in the calculation of -jr-: 

dk t 



, ... (xi + x 2 ) \fSxx x 2 / 4 - m\ - k 2 

Ki. ' '' " 1 



W+ 



vs 

4 


(xi 


4 


(xi 




f Xi 



2 ^/xi x 2 



N (xi + x 2 ) \/S xi x 2 /4 - m? - k 2 
h - = — ^-^) 2^x7^ ' 

/'(/.-/) = V.s'(.r,^x 2 - ^ (X ; Q +X2) > | (4.26) 



49 



and the corresponding restriction 



S 

k 2 < -x l x 2 -m 2 . (4.27) 



• for the kinematic variables in calculation of 4f-' 

dki 



sJa{^/S Xi /2 - h) Xl x 2 (hi + VSx 2 /2) - m 2 (m + x 2 ) 2 

kt = : ) 

Xi + x 2 

f {kt) = ^M^±lA . (4.28) 



, v 7 ^, N . (xi + x 2 ) y/S Xi x 2 /4 - m 2 

K„ = — (*. - *>) ± ■ (4.29) 

for the differential cross sections: 



G?(L) lMlUk,+) + WT)\rh\ lMl ' (k - ) ) ' 

da 1 1 1 \ \st\2 n \ 

dk^ = 8~S^hx~ 2 ' * ' Who) \F(hoT\ 

d\k t \ 2{t> " 16S7TS1S2 



1 1 ,.. |2 ,. , 1 1 



W (*,+) + -— - —— - \M\t (*,_) . 



(4.30) 

The Mandelstam- variables s,t,andw in this system are given by 
s = 2qiq 2 = 4ujiuj 2 = S xix 2 , 

t = -Iqiki +m 2 = -2wi(fc? - fcj) + m 2 = -\/S Xi(k° - h) +m 2 , 
u = 2m 2 -s-t = m 2 -SxiX 2 + y/Sx 1 (k ( l-k l ). (4.31) 
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4.4.1 Modification for boosted lab-systems 

If the lab-system is boosted with respect to the center of mass system of the 
external incoming particles, we obtain 

Ei ^ E 2 . 

In this case, we have to modify ()4.25|) according to 



x t = (4.32) 
S is boost-invariant. For a Lorentz-boost of the form 



x°\ f cosh 77 sinh 77 \ fx 

x 3 J , , \ sinh 77 cosh r] J \x 3 



lab 



ry 2 / \ /■>' 2 

x 1 lab v 



(4.33) 



for any 4-vector x^ with a given rapidity 77 , we can relate Ei and 



Ei = E cosh r] + V E 2 — m 2 sinh 77, 

E2 — E coshr/ — V E 2 — m 2 sinh//. (4.34) 

In writing ()4.34j) . we defined fci and &2 such that 

— I h 3 1 & — I V>3 1 2} 

I — I \ I z 5 2 — I 2 1 ^ * 

For m <C E , we can rewrite ()4.32j) according to 

co>i = Exie v , 

to 2 = Ex 2 e~ v . (4.35) 

We see that calculations for a lab system boosted according to ()4.33|) in the 
limit of m C i? just require the substitutions 

xi — > £1 e* 7 ; £2 — ► x 2 e~ r] . (4.36) 
is boost-invariant; we only have to modify the calculation for 
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Chapter 5 



The process 77 — > 7r°7r° by photon 
and Odderon exchange 



5.1 Matrix element according to photon ex- 
change 

In investigating the process 77 — > 7r° 7r°, exchange in the £- as well as in the 
u channel has to be taken into account; the corresponding Feynman- diagrams 
are given in figure 15.11 



k 2 k\ 





12 qi 

(a) i-channel exchange, iM.\ (b) u-channel exchange, iM. 2 

Figure 5.1: contributions due to photon exchange 



Here, q\ and q 2 denote the momenta of the incoming photons, k\ and 
&2 the momenta of the outgoing pions. Furthermore, q% = qi — k\ and 
<?3 = qi ~ k 2 as used in chapter HI t and u are given by ()4.17|) . 
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We obtain 4 contributions to |.M| 2 : 

\M\ 2 = |7Wi| 2 + \M 2 \ 2 + M{ M 2 + MxMl . (5.1) 

5.1.1 Feynman propagators and couplings 

For the calculation of \M. | 2 , the following propagators and coupling constants 
in momentum-space were used: 



for ingoing photons : e^(g. 
for outgoing mesons : 1 , 

for the photon propagator 



qf-ie 



for the 7 7* vr° coupling : ge^ pa q^q% T(q 2 , q\) (5.2) 



with 



T(0,q 2 



1 



1 - q 2 /^ 2 f 2 o ' 



a 



f n o = 0.093 GeV (5.3) 



(see (USED). We used g = 0.025 GeV" 1 according to [I 
5.1.2 Computation of Mi, \Mi\ 2 

Evaluating the Feynman-diagram corresponding to it-channel-exchange as 
given by figure 5.1(a)| we obtain 



iMt = ge, pa pqU^T{^ql)^{q{)^^ge au5e qUlT{qlQ)t u {q 2 ) 

q 3 %e 

= ^-T\qlV) 
qi-ie 

((£293) (9i92) - (e 2 <?i) (q 2 q 3 )) + (eife) ((e 2 gi) ql - (e 2 q 3 ) (gi?a)) 
+ (eie 2 ) ((gift) fega) - (gift) ql) } • (5.4) 

Making use of the relations given by ()2.5j) and 1)4.17)1 . we can simplify (J5.4)) : 
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- % 9 rr.2 



t — ie 



T 2 (t,0) x 



1 

4 

+2 



m 4 + t(u — s) — m 2 (s + t + u) (eie 2 ) 
(eig 3 )((m 2 - s - «)(e 2 gi) + s(e 2 g 3 )) 



+(eig 2 ) (2 1 (e 2 gi) + (m 2 - t) (e 2 , g 3 )) 



We now obtain M.\ by putting — * e*; furthermore, we use ef e* ; 



(5.5) 



and get for \M 



lit- 



lA^I-^r 4 ^ (m 8 -2m 4 te + t 2 ( S 2 + M 2 )) . (5.6) 

2 

Here, signifies the total matrix element after averaging over incoming 

photon polarizations. 

5.1.3 Computation of M2, \M.2\ 2 

It is obvious that we get the same result for M 2 as for Mi with the substi- 
tution 



t < — > u 



Therefore, we obtain 



iMo = 



u — ie 
1 
4 



T 2 (u,0) x 



+2 



m 4 + u(t — s) — m 2 (s + t + u) (eie 2 ) 
(eigg) ((m 2 - s - t)(e 2 q 1 ) + s(e 2 q' 3 )) 



+(eiq 2 ) ( 2 u (e 2 qi) + (m 2 - u) (e 2 , 53)) 



(5.7) 
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and 



\M 2 \ 2 t =]^— 2 T\u,0)l (m 8 - 2mHu + u 2 (s 2 + t 2 )) . (5.8) 
A u z + e z 8 

5.1.4 Computation of M\ M 2 and M\ M \ 

The calculation of M\M 2 and M\ M* 2 can be easily done using (|5.4J) and 
()5.7|) as well as ^ ef e* 1 ' = —g^ v . The two mixed terms are given by 

{M\M 2 ) t = ( Ml M;) t = \^_T 2 (t,0)T 2 (u,0)x 

{2 m 8 + s 4 + t 4 + w 4 + 4m 6 (3s - t - u) - 2s 2 (t 2 -tu + u 2 ) 
-2m 4 (s 2 + 6s (t + u) - 3 (t 2 + u 2 ) ) 

-Am 2 (s 3 + t 3 + u 3 - s 2 (t + u) - s (t 2 + tu + u 2 )) } . (5.9) 

5.1.5 Total \M\ 2 

For |-M| 2 , we obtain from (|5.1|) 

\M\ 2 = IM^ 2 + \M 2 \ 2 + M\M 2 + M\ M* 2 . (5.10) 

This also holds in cases of averaging and summing over photon polarizations. 
Therefore, combining the results from (|5.fij) . (|5.8jl . and (J5.9)) . we obtain: 



\M\ 2 t = \M 1 \ 2 + \M 2 \ 2 + (MtM 2 ) t + (M 1 M* 2 ) t ^ 

\\ 9 *{s 2 {T? + Tt) + { m A -tu) 2 g + + 

lHlf 2m s + s * + t 4 + u 4 + 4m 6 (3s - t - u) - 2s 2 (t 2 - tu + u 2 ) 
tu 1 v 7 

-2m 4 (s 2 + 6s (t + u) - 3 (t 2 + u 2 )) 

-4m 2 (s 3 + t 3 + u 3 - s 2 (t + u) - s (t 2 + + w 2 )) } j (5.11) 
with Tt = T(t,0) and T u = T(u,0). 
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5.2 Inclusion of the Odderon contribution 

5.2.1 Feynman propagator and 7 0*7r° -coupling; 
iA4i/2 due to pure Odderon-exchange 

Inclusion of the Odderon contribution implies the evaluation of two additional 
Feynman-diagrams describing the Odderon contribution; they are given by 
figure 15.21 




k 2 h 




(a) ^-channel exchange, iM. l (b) it-channel exchange, iM. 2 

Figure 5.2: contributions due to Odderon exchange 

Therefore, we obtain 12 additional contributions to We use the 

following Feynman propagator and 7 O*it -coupling (see sections 12.2.21 and 
EZ3): " 



Feynman-propagator : (—i)ri (—is/so) ao ^ 1 g^ v 



7OV 



coupling : T 



'7 V) 7T" 



(5.12) 



with 



a<o(t) = a o (0) + a' Q t , a o (0) = 1 + e'. 
The values of the parameters are taken according to jTT] : 



fa = 1.8 GeV" 1 , 



/$ = 0.05$, e> 



3, s = 1 GeV" 




(5.13) 
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and a — 4-. T 77 * 71 " e T as given by ()5.3|) . 



Keeping in mind that both propagator and coupling always appear in 
the combination coupling-propagator-coupling in the process investigated, 
we can simplify the calculation of the 12 additional contributions to |Af|f. 
We see that the substitution 



Qt 



I ■ l \a (t)-l rPO \2rr2 

rjo{-is/s ) ow ( — r w o) T 



li 



-is/ s Q ) 



ao(t)— 1 rp2 



(5.14) 



with 



A 



t for t-channel exchange 
: u for w-channel exchange 

2 nn r Q 2 



0.05/3^ „ 



(5.15) 



inserted in the calculation for iM.\ ()5.4j) and 1M.2 ()5.7)1 correspond to the 
contributions for the process 77 — > 7r°7r° due to pure Odderon-exchange; 
therefore, we use a substitution in the form of 



M i+o = m~< + PM 



(5.16) 



for the calculation of matrix elements including contributions from "photon 
+ Odderon" exchange. 



5.2.2 Computation of iMj +0 and Mj +i 
Following the argumentation given above, iA4j + ° is given by: 



{Ml +M° l ) = i {I +(3') M\ 



with 



(5.17) 



P' = K t (-is /So) 00 ®' 1 



We therefore obtain for 



Ml 



7+( 
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MJ + ° = (1 + 13') (1 + py \M[\ 2 

= (l + 2Re{(3>) + \p'f) \M{\ 2 
Looking at the single terms of ()5.18jh we obtain 



2 Re((3') = 2nt (s/so) 00 ^ 1 cos (| (a (t) - 1) 



and therefore 



M< 



l + Ktis/sof ^- 1 X 



2 cos (- (aoW-ty+Ktis/so)* ®- 1 



5.2.3 Computation of iM\ and 



Ml +i 



Similar considerations for the calculation of iMl + lead to 



iMl + ° = i (1 + 13") Ml 



and 



(1 + /?")(! +/?")* \MJ\ 



with 



13" = ku {-ts/sof ^ 1 



As a final result, we obtain 



Ml +0 



1 + nuis/soT ^- 1 x 



2cos(- (ao(i)-l)) + K u(s/s ) ao(t) - 1 
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5.2.4 Computation of (Afl +0 )*.Mj +0 and MJ + °{M^ + °Y 

As we see from ()5.9|) . MY Ml = MjMl* ■ Using this, we obtain for the 
mixed matrix elements including photon and Odderon exchange 



with 



M{ 



7+( 



+ M\ +0 ( 



M 



7+C 



((1 + /T ) (1 + (3") + (1 + f3 r ) (1 + f3"*)) my m: 
2 (1 + Re(P') + Re{(3") + Re{/3'*(3")) MY Ml 



Re({3>) = «^ S / So r (tM cos(| (a (*)-l)) 

i2e(/3") = K M (s/soH (t)_1 cos (~ (a G (t) - 1)) 
Re((3'*(3") = K 2 tu (s/sof 00 ^ 



(5.23) 



and therefore 



7+ t M y+i 



mY°J "mY° + m] 



2^1 + K(s/s ) ao{t) - 1 [(t + u) cos(^ 
+ tun (s/soT ^ 1 ]} MY Ml. 



1) 



(5.24) 



5.2.5 Total \M 1+ ®\ 

Combining now the results of (j5.19j) . (|5.22jl . and 1)5. 24j) . and inserting this in 
the result for l-M 7 ^ given by (J5.ll)) . we obtain 



M^X = \ l -g 4 {s 2 (TlCY° + TtCY°) + {rn*-tuy 



rp4 ^7+0 rp4 

1 u b l , l t ^2 



+ 



f 2 



\ + hJjLcY°{2m 8 + s A + t 4 + 
J tu 3 1 



u 



+4m e (3s - t - u) - 2s 2 (t 2 -tu + u 2 ) - 2m A (s 2 + 6s (t + u) 
-3 (t 2 + u 2 ))- Am 2 (s 3 + t 3 + u 3 - s 2 (t + u) - s (t 2 + tu + 



(5.25) 
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with 



Cj + ° = l + Ktis/So) 00 ^- 1 

C] + ° = l + Kuis/sof ^ 1 



2 cos (| (a (t) - 1)) + k t {s/s,) ao{t) - l ~ 
2 cos (| (ao(t) - 1)) + ( S / S o) aoW " 1_ 
1 + « (s/so) 00 ®- 1 [(* + M ) cos (| ("oW " !)) + *« « (s/s ) ao(t)_1 " 



/t and the parameters for the Odderon-propagator and coupling are given by 
(fo~T31) and dSHj). 
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Chapter 6 



Investigation at a linear e + e collider 



6.1 General options 

We derived the formulas in the last chapter for fixed photon energies ui and 
u>2', actually, we have to take the photon production mechanism into account. 
This is done by using equivalent spectra for the photon fluxes depending on 
the experiment. 

• The emission of nearly on-shell virtual photons from the collided parti- 
cles can be described by the Double Equivalent Photon Approximation 
(DEPA) [2Zj. We will refer to this as the direct e + e~ option. 

• At a photon collider with on-shell photons [SH], jSH], the spectra are 
mainly given by Compton scattering. A first realization could take 
place as an extension of the TESLA experiment [671] . 

In both relation between the 7 7 and the e + e luminosity holds: 

£"yy OC ./3e_|_e_ 5 (6.1) 

or, more specifically 

gLC 77 = C e+e _ N{x\) N(x 2 ) dx\ dx 2 (6.2) 
where Xi is given by (|4.25jl : 

Xi - E . 
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6.2 Equivalent photon flux given by the DEPA; 
direct e + e~- option 

6.2.1 General relations for polarization vectors of vir- 
tual photons 

In general, the polarization vectors of free photons are taken to be the inde- 
pendent solutions of the Maxwell equation for a free electromagnetic field: 

HA* = 0, 

in the sense that e M e~ iqx with q 2 = solves the equation given above; here 
□ = ^2 — A is the d'Alembert operator. This seems to allow for four 
independent solutions of the equation; taking gauge invariance into account, 
however, reduces the number of independent solutions to three (in case of a 
virtual photon) and two (in case of on-shell photons) respectively. 
As a basis, we can choose the polarization vectors ef with 



e^j : transverse polarizations 
€q : scalar polarization 

: longitudinal polarization (6.3) 

Due to gauge invariance of the electric field, we can choose Lorentz gauge 
d^A 1 * = and perform a Fourier transformation leading to 

e M g" = (6.4) 
which reduces the degrees of freedom to three. 

For on-shell photons, equation ()6.4j) holds true for all choices of gauge 
as we can easily see by performing a gauge transformation given by — > 
+ cqV". We then obtain 

qy = q^ + cq 2 = q^ = 0. 

By choosing c = — e°/g°, we can always reduce the condition derived above 
to eq = 0. This leads to two degrees of freedom for on-shell photons. For 
virtual photons, however, the above argumentation does not hold as q 2 ^ 0; 
we are left with three degrees of freedom. 

Taking , et l , and as independent polarization vectors, the following 
relations hold: 
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= r-?Y/? 2 (6.5) 

a={0,±l} 

e*/el = (-iy8 ab (6.6) 

For a derivation of these expressions, see e.g. [HI]; the notation above is closely 
following 

Common choices for e± x and are given by 



1 

T V=2 



( \ 

1 

±i 

V o J 



6n = — 



1 





/ l?1 \ 






(6.7) 



with Q 2 



-q 2 - 



6.2.2 The Double Equivalent Photon Approximation: 
general idea 

Although in the process investigated we are interested in photons coming 
from the electron and positron beam respectively, it is easier to understand 
the principle of the DEPA by looking at the Equivalent Photon Approxima- 
tion (EPA); deriving formulas valid for the DEPA goes along the same lines. 
This section will not provide a complete derivation of the spectra used but 
only a short overview of the general idea; for more details, see |5T] . 

The matrix element of any process calculated with the help of EPA will 
have the following basic structure (see figure 16. 1J) : 



M = u s '(p')(-ie^)u s (p) \^^- J M v 

\q l + ie J 

= -eu s \p') lll u s (p)-±—M>* (6.8) 

q z + ie 

withj; = p — p'. 

A4 denotes the matrix element of the process with the photon as an 
incoming particle; it is arbitrary and does not have any influence on the 
derivation of the EPA spectrum. 

Squaring the expression given by ()6.8|) and averaging over incoming and 
summing over outgoing particle helicities for unpolarized cross sections, we 
arrive at 
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P M» 



Figure 6.1: EPA basic idea 



Aito. — — 
= -^p^MW (6.9) 
— q z 



with 



^_^_(2p- g r(2p- g r 

In this section, m = m e will denote the electron/ positron mass 1 . As we 
are interested in total or differential cross sections, we now need to plug 
this expression into the formula for a differential cross section for a 2 — > n 
particle reaction given by ()2.6j) . We obtain 



q 2 ) r ^ 2w 2E'(2ir) 3 

(6.11) 

where dT denotes the differential phase space volume of all products hi of 
the inner reaction: 

dT = n 2 ^(2tt)3 • 



1 In general, the EPA can be derived for any charged particle; see [HZ] for details. 
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Figure 6.2: kinematics in lab frame 



w is given according to ()2.6|) . 

Integrating (j6.11|) over dT gives 



da 



Ana 



Pixu 



d 3 p' 



w 



2£'(2tt) 3 



(6.12) 



with 



W u = X - J ' M*»M V (2n) 4 5(q + P -J2^) dT > 

W^ v is connected to the total cross section of the inner reaction: 

a = ie*W^e u . (6.13) 
uj p 

It can be split into two parts corresponding to the contributions from scalar 
and transverse polarizations of the photon respectively. Transferring ()6.10|) 
into the helicity basis given by (j6.7j) and plugging this into ()6.12j) gives 



d " = 4^!( 2 " ++ ^ + "°°^lF- < 614 > 

w, (7t and as refer to the inner reaction; p ++ and p 00 denote the transverse 
and scalar parts of ()6.1()j) . 

6.2.3 Approximation and photon spectra 

From general kinematics (see figure l6~2*|) . we get 
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-q 2 = 2{EE'-m 2 - \p\ |p'|cos0), 

with p^ and p M being the fourvectors of the in- and outgoing electron and 
i? its scattering angle. 

We obtain the following limits for — q 2 : 



Q 2 min = 2 {EE'-m 2 -\p\\p'\) , 

gL x = 2 - m 2 + \p\ \p'\) , (6.15) 

such that q 2 min < -q 2 < q 2 max . For E - u > m 2 



11/ / i 

2 m u I . „ / m 



= 4E(£-w). (6.16) 
In terms of the variables introduced in (|4.25jl . this becomes 



777^ X 2 

Qrnin = 7j _ ^ > ^rnax = 5 (1 — x) . (6-17) 

It can be shown that 



a T = ? 7 (1 + 0{q 2 )) , 

^ = <% 2 ); (6.18) 

a 7 is the total cross section for onshell photons. Using further that 
d 3 p' du d(—q 2 ) dip duo d(—q 2 ) 

' 7T 



E> 2 VE 2 - m 2 VE 2 - m 2 ' 

we obtain in the limit of small \q 2 \ for ()6.14j) 

da = a 7 (uj)dh(uj,q 2 ) (6.19) 

with 
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Integration over d(—q 2 ) in the limits given by ()6.16j) gives 



dn{ui) 
N(oo) 



Q 2 



2 

m i n 



dn(uj, q 2 



N(u) — , 

UJ 



a 

7T 



UJ UJ 
1 - - + 



E 2E 2 



In 



q 2 

O 2 ,. 
i in in 



UJ \ 



q 2 ■ 



(6.20) 



Putting together (|6.19|) and ()6.20|) and changing to x and S as variables, 
we obtain 



da(x) = daJx) N(x) — 

x 



(6.21) 



with 



N(x) 



a 
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1 ~ x+ t) ln l^ 

/ Hmin 



'1-x) 1 



q 2 ■ 

Qmax 



(6.22) 



Qmm and ?L are S iven b y dfiJJP- 

For the Double Equivalent Photon Approximation, we obtain in a similar 
manner |2Zj 



cfcr(xi,X2) = <7 77 (a;i, £2) N(xi) iV(x 2 ) 



dx\ dx2 
x x x 2 



(6.23) 



with N(xi) given by <KT2l\ . 



6.3 The 7 7 -collider option 
6.3.1 General idea 

Considerations for realization of a 77 collider for onshell photons go back 
to the 1980s [SB], The general idea is the production of photons by 
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Scheme of 77, 7e collider 




Figure 6.3: principle of a photon collider; [02] 



Compton-scattering; this way, the produced photons can have energies close 
to the initial electron/ positron energy. Photon colliders are based on the 
collision of e~e~ beams. The Compton scattering takes place in the so- 
called conversion region; from this region, the produced photons travel a 
short distance to the interaction point where they collide with photons or 
electrons from the second e~ beam. Photon colliders provide an environment 
for 77, je, e + e~ and e~e~ collisions. A scheme of a photon collider is given 
in figure l6~3l 

6.3.2 Compton scattering 

The basic Feynman diagrams describing Compton scattering are given by 
figure 16.41 

Calculations leading to differential cross sections for Compton scattering 
can be found in standard textbooks; therefore, we will only list the results 
and refer to the literature for further discussion (see e.g. |EH]). 

The normalized differential cross section for Compton scattering is given 



by MM- 



1 dcr c 
a c dx 



x c a, 



2a 



c 



1 — X 



1 



+ 1 - x- 4r(l-r) + 2\ e Pirx c (l - 2r) (2 - x) 



(6.24) 



with 
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(a) 



(b) 



Figure 6.4: Feynman diagrams contributing to Compton scattering 



4:E lj cos 2 (a /2) 



x 



mi 



U) 

E 



x 



x c (1 - x) 



(T = 71 



A e : mean electron/ positron helicity , P\ : mean photon helicity . 

Eq and ujq are the initial electron and photon energy respectively, a denotes 
the angle between them in the lab system (see figure 16. 5|) . 

In case of nonzero electron and photon helicity, the total cross section is 
split into a non-polarized and a polarized part according to 



a c = oyf + 2\ e Pi<j 1 



(6.25) 



with 



E 




Figure 6.5: Compton scattering in lab frame 
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cr. 



c 



&1 



2oo 


[('- 


4 


x c 






2oq 


[(■♦ 


2 






x c 







1 



2 x c 2(x c + 1; 
1 1 



2 x c + l 2(x c + l 



The number of photons with w G [£7 x; E{x + cfcr)] is given by 

k da r 



Ne- 



ar dx 



dx 



(6.26) 



with N e being the number of electrons and k the conversion coefficient de- 
pending on the experimental setup; in short, k is the number of photons 
produced per initial electron: 

k ~ ^ 
N e 

Therefore, we see that we can relate an equivalent photon flux N(x) to the 
cross section: 



AT/ , 1 dN~ 
v 1 N P dx 



l_ doc 

a r dx 



(6.27) 



such that 



according to ()6.2j) . 



dC 
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£-e+e- N{x\) N(x 2 ) dxi dx 2 



6.3.3 Additional effects in the conversion and interac- 
tion region 

Besides the part of the photon spectrum arising from Compton scattering, 
several additional effects in the conversion region lead to smearing of the 
original spectrum [H3].[60 j: 

• Nonlinear QED effects in Compton scattering 

In addition to the Feynman diagrams describing the scattering of one 
photon off an electron as described by Compton scattering, simulta- 
neous interactions of one electron with several photons can take place 
as well. These are characterized by the parameter £ 2 . For ( 2 < 1, 
the electron interacts with one photon only, for £ 2 ^> 1 , simultaneous 
scattering with several photons takes place. The nonlinear QED effects 
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lead to a shift in the effective electron mass and therefore a decrease in 
the maximal energy according to jHOl 



'max 




(6.28) 



max 



Linear and nonlinear e + e~ creation in the conversion region 
Another important effect changing the photon spectra from an un- 
smeared Compton spectrum is the e + e~ pair creation by single (cor- 
responding to linear creation) or multiple (corresponding to nonlinear 
creation) photon-collisions in the conversion region. It can be shown 
( [BO] and references therein) that the cross section for these processes 
highly depend on x c introduced in the previous section (see (|6.24jl ): for 
suppression of linear pair-creation, x c has to be smaller than 4.8. For 
non-linear effects, this limit is modified according to x' c = (1 + £ 2 ) x c . 

Depolarization of initial electrons and photons 

Depolarization of initial photons and electrons can take place in the 
conversion region as well as the interaction region. The depolarization 
of the photons results from interaction with the polarized laser beam in 
the conversion region and from the beam field of the e~e~ beams in the 
interaction region. Depolarization of the electrons is due to Compton 
scattering and interactions with the beam field. However, all effects 
have been found to be negligible jHOj- 

Coherent and incoherent e + e~ creation in the interaction region 
In interaction with the magnetic field arising from the beam, coherent 
as well as incoherent e + e~ creation can take place in the interaction 
region, resulting from single photons and 77 , 7e , e + e~ interactions re- 
spectively. For the TESLA environment, these effects have been shown 
to be very small (see [oT)]). 

beamstrahlung 

The beamstrahlung at e + e~ colliders contributes to the total luminos- 
ity as well as the photon-spectrum; for he latter, it mainly causes a 
peak in the low-energy regime (see also section IB~4"|) . For further inves- 
tigation, see [M],(EH]. 

Deflection by magnetic fields; synchrotron radiation 
These processes mainly take place in the region between the conversion 
and the interaction point; they are due to the field generated by possible 
extra magnets and the detectors. 
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The items given above describe the main additional effects taking place at a 
possible photon collider; they are partly included in analytical and numerical 
descriptions of the spectra given in the next section. 



6.3.4 Parameters for TESLA; numerical and analytical 
spectra 

The parameter for the TESLA photon collider are given by 2 [60J: 

k = 0.64, P c = -1, A e = 0.85, x c = 4.8, £ 2 = 0.3 . (6.29) 

For our calculation, we used spectra from a simulation done by V.Telnov 
62J; an upgraded version is available using [66J. The simulation includes 
the effects of linear and non-linear Compton scattering, e + e~ pair creation, 
effects of additional magnetic fields, and beamstrahlung. 

An analytic description [67j respects linear and non-linear Compton scat- 
tering and gives a good description of the high-energy peak of the Compton 
spectrum; however, the low-energy description is not accurate. Therefore, 
the analytic description has not been used in this work; a short description 
is given in Appendix O 

The photon spectrum taking from simulation files [62J has to be modified 
60J according to: 

C^(z > 0.64) = \c e+e - (6.30) 



with 



Z = y/Xi x 2 , 

= 2z f maX N(z 2 /x)N(x) — } (6.31) 

/ ^max 



and x r 



a5 C +r 



6.4 Comparison of spectra from DEPA and 
photon-collider 

We just list a short comparison of the spectra obtained for the DEPA (see 
()6.22j0 and the photon collider at TESLA ()6.24|) using the spectra from 
simulations. 

2 Unfortunately, there are different notations concerning the electron polarization in the 
literature; in Q6.25J1 . |A e | < 0.5 denotes the electron helicity while in the TDR simulation 
code |A e | < 1 refers to electron polarization. 
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Comparing 



N(x) dx , 



(6.32) 



we obtain for the photon spectra for the spectrum given by the DEPA and 
the 77-collider option 





DEPA 


7-collider 




1.34 


1.94 


M0.1 


1.24 


0.82 



Here, the lower limit x\ 
setting X2 = 1: 



min — •^min 



2.91- 10" 7 is taken from (jOTf) by 



S Xix 2 > 4mJ 



(6.33) 



Actually, from figure 16.61 we expect for the low energy regime with x < 
0.1, 1 ^ DEPA < 1; however, the file used for the modified Compton photon 

—coll 

spectrum is limited in accuracy for very low x behavior; a better description 
should be achieved using |66|. For high energies the Compton peak around 
x = 0.8 gives a higher contribution form the photon collider spectrum. As 
the total expressions for the differential cross sections are peaked around low 
values of Xi, we expect higher cross sections for the direct e + e~ option. 

For interpretation of the results using the spectrum from the DEPA and 
the simulation for the photon collider, we have to keep in mind that the 
former corresponds to a purely theoretical spectrum leaving out any smearing 
effects, while the latter includes smearing effects as described in section lo r .3.3[ 



6.5 Final expressions for Jg-,J| and 



Combining now the results of ()4.30)) . (j6.2j) . and ()6.20j) . we obtain the following 
final expressions for the differential cross sections: 
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Figure 6.7: comparison for a; G [0.1; 0.95] 
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"7T" = c ' o n \kt\ N(xi) N(x 2 ) dxidx 2 x 

dk t 8 6 7r xi x 2 

% = e &sk^ Mm k\(k.) 1/4)1 | - M| ' w^')^)^^- 

der , 1 



N(x\) N(x2) dx\dx 2 x 



1 ' (k l+ ) + -J— -i— \M\ 2 t (ki- 



k° 1 (k l+ ) \f'(k l+ )\ ltv i+; fc?(A;,_) 



(6.34) 



Multiplication of any of these cross sections with the luminosity £ e + e _ for 
the e + e~ beam of the linear collider will give the expected counting rates as 

TV = aC e+e -. (6.35) 

We already introduced the relation between C e+e - and £ 77 via ()6.2|) . 

Here, d is a constant respecting ()6.3()|1 for the photon collider option; 
it depends on the used file from [62J. When we consider the direct e + e~ 
option, d = 1. The file used in our calculation corresponds to the following 
parameters for the photon collider: 

k = 0.632, P c = -1, A e = 0.85, x c = 4.6, £ 2 = 0.3 (6.36) 

with photon production by Compton scattering for the electron as well as 
the positron beam; here, d ~ 9.6 x 10~ 12 . 



6.6 Detector cuts 

In experimental data taking, the accessible kinematic area is limited by the 
detector geometry as well as energy solution. We take this into account 
by introducing detector cuts, which are given by a minimal angle required 
for outgoing particles as well as a minimal energy for each of them. The 
limitation of the angle is done by introducing | cos^lmax . 

Taking (cos^lmax and E min to be given, we can easily determine the 
corresponding kinematic restrictions; from 
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cos#| < \cosd max \, 
\h\ 

cos6\ = ^ (6.37) 
\k\ 



with \k\ = a/ kf + kf , we arrive at 



lib, | < (6.38) 



with 



Cl 



(|cos6>| maa; ) 2 
From and JOSJ), we know that 

^2 = -y- (an + ^2) - fc° , 

so we can test 

fc t ° < ^min (6.39) 

for both outgoing particles. 

The values used for the single experiments are 
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Experiment 


I COS 1 max 


E mm [GeV] 


[GeV] 


TESLA(e + e~) 3 


0.98 


0.5 


500 


TESLA^) 4 


0.98 


0.5 


500 


OPAL(e+e-)(LEPi) 5 


0.81 


0.4 


92 


OPAL(e + e )(lepii) 5 


0.81 


0.4 


200 


BaBar(e + e~) e 


0.96; 0.77 7 


0.08 


10.58 



For comparison, we are also investigating the effects of cuts on k t instead 
oikf. 

Notice that the values for E m i n and | cos 8\ max are given in the lab- frames 
of the corresponding experiment. In cases where this does not coincide with 
the center of mass frame of the e + e~ system, we have to convert these values 
into the e + e~ - lab-frame using 




coshr? -sinh?? \ , g 4Q , 

sinh rj cosh n J ykf J , / 




For BaBar, n w 0.533 . 

In the same environment, there are two different angular limitations cor- 
responding to forward and backward scattering in the lab frame. The values 
for BaBar are given by 



-0.77 < cos0 lab < 0.96. 

Of course this equally has to be taken into account when applying the cuts 
in cross section calculations. 

In contrast to experiments at electron-proton colliders, the outgoing elec- 
trons are not detected at the linear colliders mentioned above; therefore, 
there are no cuts on the incoming photon energies Ui (for a comparison, see 
for example [TT].[73^). 



3 [HH1 

4 inni 

5 [7D] 

6 EH, C3 



7 Backward scattering 
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Chapter 7 



Results for various sets of parameters 
and different colliders 



7.1 General expectation; e + e -option 

First, we consider the differential cross sections in the environment of a linear 
e + e~ collider without any detector cuts for center of mass energy 
500 GeV like the TESLA environment. The results can easily be transferred 
to results for lower-energy machines such as LEP or BaBar. The photon 
collider option at TESLA will be treated separately. 

With the expressions for and g iven by (|Q4j) . we obtain the 

differential cross sections shown in figures feU and O 

We can explain the shapes of the differential cross sections by remember- 
ing the modification of the matrix element through the Odderon contribution 
as described in section 15.21 We will here focus in the discussion of , as 
effects of phase and parameter variation lead to more obvious modifications 
of this cross section. 

From (|5.25jl . we see that the inclusion of the Odderon contribution lead 
to modifications depending on constants CJ + given by 



C7 + ° = l + nXiis/so)" ®- 1 ^coafyaoW-ljj+KXiis/so)" ®- 1 ' 

(7.1) 

with 



t for i — 1 
u for i = 2 



and C 3 7+( 



defined similarly but depending on t as well as on u. Cjt 2 mod- 
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dsigma/dkt 2 - generic e + e" -option, VS = 500 GeV 
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(2) Odderon, r| = -1 

(3) Odderon, r| = +1 
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Figure 7.1: different values for r?© 
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Figure 7.2: different values for r] 
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ify the exchange in the t- and u-channel respectively while CJ modifies 
the matrix elements corresponding to mixtures of t and u channel exchange. 
Looking at Cj + ° as given by (|7.1J) , we see that we can distinguish three con- 
tributions. In (|5.1fjj) . we calculated the Odderon contribution by modifying 
the propagator: 



J- + 2-^(-i S / So )«o(*)-i 



(7.2) 



+ wwww 



Considering for example \Ai{ \ , we can write 



\Mj + °\ 2 oc ( 



I 2 + I ml 2 + 



+ 



wv 



x \MJ 



712 



Figure 7.3: 



(see ()5.18j) ). We can now associate the single terms of Cl 
butions in figure 17.31 



with the contri- 



1 

(Ktis/So) 00 ^- 1 ) 2 

Kt(s/s ) ao{t) ' 1 2cos{ 



K(t) - 1)) 



photon contribution (1) 
Odderon contribution (2) 
mixed contributions (3) 



We investigate the contributions (2) and (3) separately in order to determine 
the influence of the Odderon contribution on d ^ 2 . Taking the parameters for 
the Odderon propagator and coupling from (j5.13J) . we see that (2) dominates 
for k t < 0.35 GeV. We will now make an approximation for rf ^ 2 by only 
considering terms with X\ = x<i = x m i n with x m i n given by 



x Ti 



m 2 + k 2 + e 
S 



(7.3) 



(see (J4.27|0 . This approximation only takes the contribution resulting from 
the Jacobian peak into account; it already provides a rough estimate of the 
kt- dependence of the differential cross section. In this limit, the quantities 
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describing the scattering process and the kinematics given in chapters 0] and 
El are given by: 



kf = ±y/j , \f\k t )\ = A^E. 

kl = yjk 2 + m 2 , s = A(k 2 + m 2 ) 



t = -2k 2 ~m 2 ±y/e x/m 2 ^ 2 , 

u = -2 k 2 — m 2 =f y/e \Jm 2 + k 2 . (7.4) 

The expression above are valid up to 0(e). Taking further 

t m u ~ —2 k 2 — m 2 

and leaving out higher order terms in m 2 in |.M| 2 , we obtain 

\M\ 2 « t 2 T 4 (2 + ^). (7.5) 

Here, we assumed m 2 <C k 2 . Of course, this condition does not hold for small 
values of k t . However, we will see that this approximation still gives a good 
estimation for the behavior of the differential cross section. A more thorough 
investigation should include higher order mass terms in |.M| 2 . Equally, we 
obtain in this limit 

In order to understand the behavior of d ^ 2 , we therefore have to distinguish 
the behavior of \Ai\ 2 depending on k t , the behavior of C 1+ ° depending on 
kt, kinematic effects, and the influence of the photon spectra. 

• \M\ 2 

From (|7.4|) . we see that t 2 ~ kf while T 4 cx ( i + fc2/ e ) 4 - Using the 
approximations given above, we obtain \Ai\ 2 (k t ) given by figure EU 
with a maximum at approximately k t ~ 0.54 GeV. 

• Odderon contribution 

For the two terms in C 1+ ° describing the pure and mixed Odderon 
contributions, we obtain 



(2) oc l^kfs 2 ^' 20 '^, 

^)-2a'k 2 -l))s a ^- 2a ' k '- 1 . 

(7.7) 



(3) oc -2r ?o |«:|^cos(^(a(0)-2a'A; 2 -l)) S a(0) - 2a ' fc ?- 1 
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Figure 7.4: \A4\ 2 (k t ), no Odderon; not to scale 



only Odderon , 




(a) not to scale 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 



kt [GeV] 



(b) C^+° |7W| 2 ; not to scale 



Figure 7.5: 



The single contributions can be seen in figure 7.5(a)| Multiplication 
with \M.\ 2 leads to the form of the cross section displayed in figure 

w 

kinematics 

From the expressions for the differential cross sections (j4.3()j) , we know 
that da oc In our approximation, 



da oc 



Including this k t dependence leads to an additional modification shown 
in figure 17.61 

photon spectrum 

As a final step, we have to include the effects of the photon spectrum. 
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Figure 7.6: da; not to scale 

We can approximate the spectra from the DEPA by 

N(x) oc - In oc - . (7.8) 

x \{mx) z J x 

Including this, we obtain the final result for daN(x)N(x) given by 
figure 17.71 



3UCC 




kt [GeV] 



Figure 7.7: da, including N(x); not to scale 



We see that the shape of the differential cross section depends the matrix el- 
ement without Odderon contribution, the Odderon propagator and coupling, 
the kinematics, and the photon spectrum. Both (2) and (3) contain terms 
increasing as well as decreasing with k t . Summarizing, we obtain 

• for (2) (Odderon contribution only): 
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6000 




kt [GeV] 

Figure 7.8: results for r] = ±1 from simple estimation 



increase : {kf). M , a x (kf) 



decrease : ( — ) • ( 1 ...... 1 x 



k+ + m 2 
for (3) (mixed terms): 



Jvl 1 2 V 1 1 prop 

(7.9) 



spec 



increase 



{ k t)\ M ? X ( k t CO < na ' k t)) P rop 



0.68 ' / coup 



kf + m 2 



x Tn—; ■ (7-10) 



spec 



We used e' — and a' = 0.25 GeV 2 . The resulting functions are displayed 
in figure 17.71 Final results for r)@ — ± 1 are given in figure 17.81 we clearly 
see the negative interference for i] = +1 (see ([7.7)1 : for the parameters 
given above, cos(| oc(t)) > 0). A comparison to the actual results of the 
numerical integration in figure 17.11 show that the naive approximation done 
above already gives a rough estimate of the k t - dependence of ^jj- ?7o can 

easily be determined by measuring . Figure 17.91 shows results for the 
same approximation including higher order mass terms; as expected, the 
cross section differs for small values of kt where the approximation k\ 3> m 2 
is no longer valid. 
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1.4e+15 
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1e+15 
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6e+14 

4e+14 

2e+14 


kt [GeV] 

Figure 7.9: results for i]® = ±1 from simple estimation, higher order mass 
terms included 

7.2 Effects of parameter variation 

Next, we study the effects of parameter variation for the Odderon propagator 
and coupling. From section 12.21 we know that there are basically three free 
parameters which need fitting by experiment. Remember that the Regge- 
trajectory of a particle is defined by 

a(t) = a(0) + a't. (7.11) 

Furthermore, ^ is as well unknown a priori (see section ()2.2.2j) ). As standard 
values, we choose (|5.1H|) : 

a(0) = 1 ,a' = 0.25 GeV" 2 = 0.05/3^. (7.12) 

In varying the parameters describing the Odderon contribution, we have to 
take experimental limits into account. From section 12. 2. 2[ we remember that 
the following relation holds for p in pp and pp-scattering for t — > 0: 




Pp s cos^gTrj 

Closely following [H],[Zlj, and [IS], we assume a limit for (|7.13|) : 



\p {pp) (s) -p {pp) (s)\ < 0.05 (7.14) 

for ^ > 100 GeV. 

We immediately see that this implies limits for possible parameter varia- 
tions. In detail, we will consider 
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• Variation of e' 

The limit given above provides a correlation between the variation of 
(jjfj ande'. In varying e' by keeping (j^ = 0.05, we are restricted 
to < 0.003. 

• Variation of a' Q 

The slope of the Odderon Regge trajectory, a' , does not appear in 
(I7.1HJ) . Therefore, we can freely vary this parameter. We will consider 
the value a' Q = 0.5 GeV~ 2 . 

• Variation of (g^) 2 

The parameter (^) 2 is strongly limited by the restriction given above. 
Actually, (j7.14j) implies 

(§V < 0.05182 

with all other parameters taking standard values ()7.12j) and \fs = 
100 GeV. For e' = 0, we will only consider (^) 2 = 0.04. 

• Combined variations 

For a better investigation of Odderon coupling strength and intercept 
variations, we will consider the following combinations: 



±0.02 for ( ^ 



= 0.04 , 
0.05 ± 0.01 for e' = -0.02 . 



Results for the variations given above are shown in figures 17. 101 to 17^21 
From figures EH3 and EII] (variation for (^) 2 = 0.05) as well as from 

figures mill and IT^UU variation for (^) 2 = 0.04), we immediately see that a 
variation of e' does not have a significant effect on the cross sections. Going 
back to the considerations in the previous section, we see that a variation of 
a(0) concerns the Odderon-propagator and therefore modifies |A^| 2 : 
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for 



da . 
d\k t \ 2 ' 
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(1) no Odderon 

(2) Odderon, t\ = -1 
3) Odderon, ti = +1 

(4) ti = -1 , a„ = 0.997 

(5) T] = +1,010 = 0.997 

(6) T| = -l.ofc, = 1.003 

(7) ti = +1, Oo = 1.003 
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Figure 7.10: Variation of e' at (j|) 2 = 0.05 
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Figure 7.11: Variation of e' at (^Y = 0.05 
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gZo/t > s 2(e'+ a 't) 



s <*'t cos (l a > t ) _ > s e ' +a,t cos C^{e' + a't) 
2 V 2 j 

= s £ ' +a,t (costs') cos(^a't) - tan(^e') sm(^-a't) 
V 2 2 2 2 / 

(7.15) 

Taylor expansions of the varied terms give 

s 2a't _^ s 2a,t (l + 2e' \n(s) + 0(e' 2 )) 
(modification of (2)) , 



s a>t cos( Vt) — > s '* cos(-o; , t) (l + e' (ins - - sin( Vt)) + 0(e 

(modification of (3)) . (7-16) 

We can therefore estimate the effects of e' ^ 0: 

• pure Odderon term 

As s is limited by (j4.27J) to s m i n = 4mJ, |lns| takes its maximal 
value at s — > S. However, taking the form of the photon spectra 
into account, we rather use x = 0.06 leading to s = 900 GeV 2 . For 
this value, Ins = 6.8. However, we can also follow the method of 
approximation given in the last section; if we consider the maxima of 
the cross sections, i.e. k t ~ 0.35 GeV for rjo = —1 and k t ~ 0.5 GeV 
for 770 = 1, we obtain s_ = 0.56 GeV and s + = 1.07 GeV leading to 
I lns_| = 0.68 and lns + = 0.07. Applying this to the modifications, 
we obtain: 

fore' = ±0.003 : 
A max « 0.04 A + « 0.0004, A_ « 0.004 , 

fore' = ±0.02 : 
A max « 0.26, A + « 0.003, A_ « 0.03 

(7.17) 

with s 2a ' 1 — > s 2a '* (1 + A(e') + C(e' 2 )). 

• mixed terms 



Taking also the mixed terms into account, we obtain 

fore' = ±0.003 : 
A L* » 0.022 A' + « 0.0001; A'_ « 0.0023 
for e' = ± 0.02 : 
A' max « 0.15; A' + « 0.0044; A'_ « 0.2 

(7.18) 

for s a '* cos(fa't) — ► cos(f a't) (1 + A'(e') + 0(e' 2 )) following 
a similar argumentation. However, we have to keep in mind that the 
contributions from the mixed terms are small compared to the pure 
Odderon contributions. 

From the numerical calculations of the cross sections, we obtain 

A + « 0.09 ; A_ « 0.04 (7.19) 

for e' = ±0.02 which is well within the limits given by A max . 

Effects of varying (^) 2 are displayed in figures l?~T2l and 17. 131 as well as 
figures 17.191 to 17.221 Neglecting the contribution from the mixed terms, we 
obtain 

da (x k 2 (x f^Y; (7.20) 



we therefore expect 



d<7o.04 


oc I 


(0.04 




V0.05 


dco.04 


oc | 


(0.04 


d<Jom 


V0.06 


do~om 


oc | 


(0.05 


dcom 


V0.06 



0.64, 
0.44, 
0.69. 



(7.21) 



An additional inclusion of the mixed terms in our approximation from the 
last section gives: 

da K oc K(k 2 /s 2a ' k * k-2 cos(7ra'fc t 2 )). (7.22) 

We see that the terms corresponding to pure Odderon exchange are propor- 
tional to k 2 , the mixed terms to k. This leads to an expected shift of the 
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Figure 7.12: Variation of (^) 2 at e' = 
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Figure 7.13: Variation of (^) 2 at e' = 
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Figure 7.14: da, including N(x), different values for a', dominant contribu- 
tion only 



position of the maximum to wards lower values of kt for rjo = — 1 and to- 
wards higher values of k t for r] = +1; compare to figures 17.121 17.191 and 

EHJ 

From figures EH EH and EH to E21 we obtain 



ratio 


Vo = -1 


VO = +1 


e' 


0.04 : 0.05 


0.72/0.68 


0.55/0.6 







0.69/0.70 


0.6/0.6 


-0.02 


0.04 : 0.06 


0.56/0.53 


0.42/0.38 


-0.02 


0.05 : 0.06 


0.79/0.76 


0.69/0.66 


-0.02 



where the first / second number corresponds to the values for d ^ 2 / taken 
at the respective maxima. We see that the values from from the calculations 
are in the order of magnitude of the expected ratios from (j7.21|) . 

Finally, we are interested in varying a 1 while keeping a(0) fixed. The 
corresponding cross sections are given in figures 17.151 and 17.161 

From the terms determining the shape of d ^ 2 as given by ()7.9j) and again 
only considering the dominant pure Odderon contribution, we see that 



da oc 



1 



-Act' kt 2 



(7.23) 



for a(0) 
for da 



1. This leads to a shift of the maximum as well as a faster decrease 
We displayed the approximation in figure ITT41 A comparison with 



d\k A 2 ■ '' 

figure 17.151 shows again that this gives a good description of the behavior of 
the cross section. We see that higher values of a' lead to a faster decrease 
after the maximum when considering the transverse momenta; for longitudi- 
nal ones, the distinguishability is less visible, especially in combination with 
simultaneous variations of (^) 2 (see figure ITT3*1 for comparison). 
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Figure 7.15: variation of a' , 
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Figure 7.16: variation of a' Q , 
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Figure 7.17: variation of e' at (^) 2 = 0.04 
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Figure 7.18: variation of e' at (^) 2 = 0.04 
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dsigma/dkt 2 - generic e + e" -option, VS = 500 GeV 
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Figure 7.19: variation of (^) 2 at e' = -0.02, 770 = -1 
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Figure 7.20: variation of (§^) 2 at e' = -0.02, r] = -1 
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Figure 7.21: variation of (§^) 2 at e' = -0.02, 770 = +1 
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Figure 7.22: variation of (§^) 2 at e' = -0.02, r] Q = +1 
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dsigma/dkt 2 - generic e + e" -option, VS = 500 GeV 



400 



350 



300 



% 250 
CD 

o 

fci 200 

CM 
"O 

~B 150 



100 



50 



I 

i « 


i i i 


i i i 

(1) no cuts i — • — i 

(2) E min = 0.5 GeV 

(3) E min = 1GeV 






I 


^ (1) 


- 




£ 

jfc (2) \ 












i i i 


i """Ml 



0.1 0.2 0.3 0.4 0.5 

kt [GeV] 



0.6 



0.7 



Figure 7.23: effects of energy cuts; no Odderon 

7.3 Effects of detector cuts 

We will now study the effects of detector cuts while keeping the values for 
a(0) and a'(t) fixed. We refrain from an in-depth analysis. The behavior 
resulting from energy cuts is displayed in figures I7.23I to 17.261 k\ < E min 
implies 



k\ > E 2 min -kf-ml for gjgp, 

kf > E 2 min - k] - m\ for g . (7.24) 

As can be seen from figures I7.23I to I7.26| the results coincide with the cross 
sections without energy cuts for k 2 > E 2 min — m\. Below this boundary, the 
area of integration over Xi is limited in the calculations of the differential cross 
sections leading to lower values for ^p^p For j^, we observe an approximate 
equality for kf > E 2 min - m\. 

The results of angular cuts are displayed in figures I7.28I to 17.311 An 
angular cut implies a cut on the ratio of k t and ki according to ()(i.38j) : k\ < 
kt/-Jci, i.e. it acts like a filter for high-fc/ outgoing particles for k t fixed or 
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Figure 7.24: effects of energy cuts; no Odderon 
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Figure 7.25: effects of energy cuts; Odderon, r/o = — 1 
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Figure 7.26: 


effects of energy cuts; Odderon, r] Q = — 1 



180 
160 



low-fct outgoing particles for fc; fixed. We obtain 



4.92 for | cos 9 1 mna -. = 0.98, , . 

(7.25) 



v /c7 \ 2.06 for | cos 6 \ ma x = 0.9. 
Plugging this into (j6.H8|) in the calculation of limits ki according to 



h < 4.92 GeV ; h < 2.06 GeV (7.26) 

for k t = 1 GeV. Figure I7~2TI gives da(k{) for fixed values of k t ; we see that, 
although da is peaked at ki = 0, is still severely limited by angular cuts 
after integration over all values for fcj. The latter can be roughly equated with 
the integration over x«. Finally, we will compare the given detector cuts with 
naivecuts; in figures l77^2l to l7.H5^ we display the results of comparison between 
energy and transverse momentum cuts. We see that this substitution leads to 
negligence of terms with k t < E cut for J^, a ; similarly, ^ becomes smaller. 
We conclude that naive cuts on the transverse momentum qualitatively lead 
to an artificially smaller value for d ^ 2 for k t < E cut as well as ^ for all 
values of ki. 
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Figure 7.27: da(ki) for fixed values of k t ; not to scale. 
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Figure 7.29: effects of angular cuts; no Odderon 
dsigma/dkt 2 - generic e + e" -option, VS = 500 GeV 
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Figure 7.30: effects of angular cuts, Odderon, r] = — 1 
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Figure 7.31: effects of angular cuts, Odderon, r/ = —1 
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Figure 7.32: comparison between energy and transverse momentum cuts; no 
Odderon 
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Figure 7.33: comparison between energy and transverse momentum cuts; no 
Odderon 

7.4 Results for individual experiments 

We will now display the results for the individual experiments; here, we use 
the cuts given in section I6.6I For different cut parameters, we refer to the 
comparison of different energy and angular cuts in the previous section. We 
consider: 

• Comparison between cross sections with and without Odderon, taking 
Vo = ±1 , 

• Variation of a' Q from a' Q = 0.25 GeV 2 to a' Q = 0.5 GeV -2 for 7] = 
-1, 

• Variation of (^) 2 for r} Q = -1 ,e' = -0.02. 

If not mentioned otherwise, the reference values are given by ()5.13J) : 



= 0: n' = 0.25 GcY -2 : ( ^ 



0.05 



(7.27) 



Variations other than the ones given above can easily be extrapolated from 
the considerations in section 17.21 . 
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Figure 7.34: comparison between energy and transverse momentum cuts; 
Odderon, r] = — 1 
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Figure 7.35: comparison between energy and transverse momentum cuts; 
Odderon, i] = — 1 
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Figure 7.36: different values for 77© 



7.4.1 LEP I 

For the OPAL detector at LEPI, we used the following values [TTij : 



= 92 GeV; \cos6\ max = 0.81; E min = 0.4 GeV. 

The results are displayed in figures to IT^EBI 
We obtain the following results: 

• Phase distinction 

As we can see from figures I7T3K1 and 17. H 71 the Odderon phase can easily 
be distinguished from d ^ 2 as the differences between the result for 
i]q = ±1 are clearly visible. There is also a clear difference for the 
results for ^ depending on the sign of the Odderon phase. 

• Variation of e' 

In the generic case, the variation of e' lead to an nearly unobservable 
changes in both cross sections for |e'| < 0.02. The same holds for 
the real detector case including energy and momentum cuts: figures 
17.381 and 17.391 show the results for e' = ±0.02. However, according to 
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Figure 7.37: different values for 
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Figure 7.38: comparison different values for a(0) ,r]®=-l 
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Figure 7.39: comparison different values for a(0) ,r/o=-l 
dsigma/dkt 2 - eV -option, LEPI, VS = 92 GeV 
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Figure 7.40: comparison different values for a(0) ,r/ =-l 
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Figure 7.41: comparison different values for a(0) ,r)o=-l 
dsigma/dkt 2 - eV -option, LEPI, VS = 92 GeV 
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Figure 7.42: comparison different values for a' ,r/ =-l 
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Figure 7.43: comparison different values for a' ,r)®=- 1 
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Figure 7.44: comparison different values for (^) 
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Figure 7.45: comparison different values for 



(I7.16J) . larger variations should lead to bigger effects. The results for 
s' = —0.04 are shown in figures 17.401 and l7.41| here, the intercept was 
motivated by a pQCD result [13! ■ The effects are still relatively small. 
The variation to intercepts > 1 is limited by (j7.14|) . 



variation of a' 

For results for the variation of a' Q are given in figures 17.421 and 17.431 
We observe the same behavior with and without detector cuts, i.e. a 
faster decrease for -Jj^ as well as lower values for j^; see figure l?~T5l 
and 17.161 for comparison. 



\2 



variation of (^rV 

As expected, we obtain a decrease in the cross sections when varying 
) 2 ; the results are displayed in figures 17.441 and 17.451 See figures 
and 17.131 for comparison. The ratios of the cross sections due to 
variation are approximately given by 0.68 for 770 = —1 and 0.6 for 

VO = +1- 
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Figure 7.46: different values for 77© 



7.4.2 LEP II 

For the OPAL detector at LEPII, we used the following values [7U] : 



y/S^, = 200 GeV; | cos^U^ = 0.81; E min = 0.4 GeV. 

The results are displayed in figures l?~4*o1 to 17311 

In section 17.31 we saw that the magnitude of the differential cross sec- 
tion highly depends on the angular cuts; however, as we applied the same 
detector cuts for the LEPI and LEPII runs, we can now investigate the V~S- 
dependence of the differential cross sections. Starting with the expressions 
given by ()4.26|) to (j4.31|) for the kinematic variables, (|5.25J) for the matrix 
element, and ()6.34j) for the cross sections including the photon spectra, we 
obtain in a very rough estimate: 

s oc S , t oc S , u oc S , 

|.M 7 | 2 oc S 2 , d oc S2( ao (*)-i) ; jv(x) oc ln 2 (S) . (7.28) 



k l± oc VS , fc° oc VS , f'(ki) oc y/S. (7.29) 
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Figure 7.47: different values for rjo 
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Figure 7.48: comparison different values for a' 
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Figure 7.49: comparison different values for a' 



dsigma/dkt 2 - eV -option, LEPII, VS = 200 GeV 




(1) no Odderon 

(2) Tj = -1 , ratio = 0.04 >-- »- 

(3) Tj = -1 , ratio = 0.05 • 

(4) r| = +1 , ratio = 0.04 ; v - 

(5) r| = +1, ratio = 0.05 >-- 



0.6 0.7 

kt [GeV] 



Figure 7.50: comparison different values for 
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For -7nn2, this leads in our approximation above to 



k to oc , k° oc VS ,f'(k t0 ) oc VS. 



d\k t \ 



da{S) (MS)\ 2 S_ 
da(S') ~ \HS')J s k 



2 

T 



(7.30) 



(7.31) 



with «o(0) = 1 and a' Q = 0.25 GeV -2 . Comparing now the ratio of the dif- 
ferential cross sections taken at their maxima for i]® = ±1 at k t = 0.5 GeV 
and k t = 0.4 GeV respectively, we obtain 



d(JLEPI n oo f 1 

0.83 for ?7o = — 1, 

do LEPII 

da lepii 
da lepii 



0.88 for 770 = +1 ■ (7.32) 



The actual values are given by 0.84 for 77© = — 1 and 0.91 for 77© = +1; 



they are quite in agreement with the expectations. For jf-, we obtain a ratio 



dki ' 
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Figure 7.52: comparison different values for 770 

of 0.79 and 0.82 for = =pl respectively. The behavior following from 
Odderon parameter variation is the same as for LEP I; we therefore refer to 
the discussion in the last section. 

7.4.3 TESLA - 500 GeV, e+e -version 

For TESLA in the 500 GeV- version, we used [68 : 

= 500 GeV; | cos6\ max = 0.98; E min = 0.5 GeV . 

The results are displayed in figures 17321 to 17371 

We notice that the results show again the same behavior as for LEP I 
and LEP II; however, due to higher energy cuts, it becomes more difficult 
to distinguish the shapes of the differential cross sections for different rjo . 
Compare e.g. figures 17.461 and I7.52( see also figure 17.11 for results without 
any detector cuts. So far, we can conclude that for collider experiments 
such as LEP and TESLA, while the presence of a nonperturbative Odderon 
described by (J2.55|) can be clearly distinguished from a scenario without an 
Odderon, statements about the phase and the intercept highly depend on 
the given angular and energy cuts of the detector. With the cuts for the 
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Figure 7.53: comparison different values for 
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Figure 7.56: comparison different values for 
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single experiments given by section HH3 we therefore expect the best results 
for BaBar due to relatively small energy cuts. The higher values for the cross 
section in the TESLA environment cannot be explained with a higher cm- 
energy as was the case when comparing results from LEP I and LEP II; the 
differences are mainly due to differences in the angular cuts. For TESLA, 
\cos9\ max = 0.98, while for OPAL \ cos9\ max = 0.81, leading to a much 
larger reduction of the experimentally accessible kinematic region. 

7.4.4 TESLA - 500 GeV, photon collider 

For TESLA in the 500 GeV- version, we used [69J: 



^S^ b = 500 GeV; | cos6\ max = 0.98; E min = 0.5 GeV. 

The photon spectrum now differ from the spectrum in the e + e~ mode as 
described in chapter mainly, there is an extra peak at high energies in 
the photon spectra due to Compton scattering (see section lo^j) . For the 
numerical calculation, we used the spectra from simulations by V. Telnov 
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Figure 7.58: comparison different values for 770 



The results are displayed in figures I7.58I to !7.6Hj comparing them to the 
results obtained for the e + e~ option, the similarity of the differential cross 
sections suggests that the main contribution in the photon collider option 
comes from the low energy peak of the spectrum corresponding to beam- 
strahlung. Therefore, the photon collider option does not provide a signifi- 
cant advantage compared with the direct e + e~ option. The lower values for 
the cross sections are due to the inaccuracy of the spectra from the files used 
for the numerical integration; see section I6.4I 

7.4.5 BaBar 

For BaBar, we used the following parameters [H], |72j : 

= 10.58 GeV; \cos0\ max = 0.96/0.77; E min = 0.04 GeV. 

The results are displayed in figures 17.641 to 17.691 As expected, due to 
low energy cuts for the outgoing particles we obtain cross sections which 
behave similar to the cross sections without any energy detector cuts; for 
comparison, see figures 17.11 and 17.21 Parameter variation leads to similar 
effects as for LEP and TESLA; see section 17.4.21 for a discussion. 
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Figure 7.59: comparison different values for r/o 
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Figure 7.60: comparison different values for a', r/ = — 1 
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Figure 7.61: comparison different values for a', 
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Figure 7.62: comparison different values for (^) 
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In calculations for the cross section in the BaBar environment, we also 
had to take the "boosted" lab-system into account as described in sections 
E"P and EE 



7.5 Total inclusive cross sections 

The result for the total inclusive cross section obtained from integration over 
d\k t\ 2 are given in table 17. 1\ in the caculation, we respected the indistin- 
guishability of the two pions according to (|4.7|) . For integration, we used 
that 




(7.33) 



with rii = 2. Additionally, we only integrated in the limits displayed in the 
preceding figures, i.e. k t < 1 GeV and k\ < 2 GeV 1 . We now use the results 
given in table l7.il to calculate expected event rates for the single experiments 

^or BaBar, the limits of integration over ki have to be modified. 
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dsigma/dkt 2 - eV -option, BaBar, VS = 10.58 GeV 




(1) no Odderon 

(2) Odderon, t) = -1 

(3) Odderon, r\ = +1 
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kt [GeV] 



Figure 7.64: comparison different values for 
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Figure 7.65: comparison different values for i]o 



123 



70 



60 



50 



dsigma/dkt 2 - eV -option, BaBar, Vs = 10.58 GeV 



CM 
> 
CD 

o 40 



€ 30 



20 



10 




(1) 



(1) no Odderon 

(2) a' = 0.25 

(3) a' = 0.5 



(3) 




0.2 



0.4 0.6 

kt [GeV] 



0.8 



Figure 7.66: comparison different values for a' 
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Figure 7.67: comparison different values for a' 
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dsigma/dkt 2 - eV -option, BaBar, Vs = 10.58 GeV 




(1) no Odderon 

(2) T) = -1 , ratio = 0.04 

(3) T) = -1 , ratio = 0.05 

(4) r\ = +1, ratio = 0.04 

(5) n = +1, ratio = 0.05 
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Figure 7.68: comparison different values for (^) 
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Figure 7.69: comparison different values for (^) 2 
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Experiment 


VS [GeV] 


only photon 


0;t] = -1 


0;t7o = +1 


OPAL(LEPI) 


92 


0.26 


25.9 


17.62 


OPAL{LEPII) 


200 


0.32 


31.9 


21.72 


TESLA(e + e~) 


500 


1.44 


97.40 


62.34 


TESLA(jj) 


500 


1.60 


81.86 


53.00 


BaBar 


10.58 


0.41 


16.06 


9.43 



Table 7.1: Total cross sections; results in fb 



by using the relation 

N = Ca . (7.34) 

For luminosities, we used 



OPAL 2 (lep i) 
OPAL 2 (lep ii) 
TESLA 3 
BaBar 4 



64.5 pb~ x y~ l (1995) 

253 pfc^V 1 (1999) 

122.4 pb^h' 1 

70 fb' 1 (2/01 - 7/02) 



Notice the different units; for LEP and BaBar, the values correspond to 
actual integrated luminosities, while the luminosity for TESLA is given by 
an expected luminosity/second; therefore, the values given here correspond 
to values for expected beam-time at the maximum luminosity. As we used 
(I6.30|) to calibrate the photon spectra from the photon collider, we have to use 
£ e +e- in (|7.34|) for the photon collider event rates. The results are displayed 
in table O 

We immediately see that, while investigations at LEP seem difficult due to 
low luminosities, TESLA as well as BaBar provide excellent environments to 
determine the existence of a non-perturbative Odderon described by ()2.55j) . 
Again, the differences between the e + e~ and the 77-collider option at TESLA 
can be explained by the inaccurate description of the photon spectrum; a 
more thorough investigation would probably lead to higher counting rates 
for the photon collider option similar to the e + e~ case. Parameter variation 
roughly lead to the following results: 



2 m 

3 |77] 
4 EE1 
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Experiment 


[GeV] 


only photon 


0;t] -- -1 


0;t7o = +1 


OPAL (LEPI) [y- 1 ] 


92 


0.017 


1.671 


1.136 


OPAL (LEPI I) [y- 1 ] 


200 


0.081 


8.071 


5.495 


TESLA(e + e~) [/i" 1 ] 


500 


0.176 


11.922 


7.630 


TESLA(jj) [h- 1 ] 


500 


0.143 


10.020 


6.487 


BaBar [(1.5 y)" 1 ] 


10.58 


28.7 


1124.2 


660.1 



Table 7.2: Event rates 



0.04 <7 .o4 = 0.64o"o.o5 all experiments 
0.5 a .5 = 0.74a .25 LEPI, LEP II, TESLA 
o"o.5 = 0.95o"o.25 BaBar 



The variation of 




as given above is expected to lead to a ration of 



roughly 0.64 (see section 17.4. lj) ; differences in the effects of the variation of 
a' for LEP / TESLA and BaBar are due to the low energy cuts of BaBar: for 
d fj°, 2 , the variation mainly modifies the decrease of after it has reached 
its maximum, i.e. it suppresses higher k t values. The high energy cuts cut 
off a larger part of the cross section in the LEP and TESLA environment. 
See figures 17.421 17.551 and 17.661 for comparison. 



Variation of 




0.05 



Variation of a' : 0.25 



7.6 Parameter distinction 

We will quickly summarize the opportunities for parameter distinction for 
the effective Odderon described by ()2.55|) . We obtain 

• fOT W 

In general, the transverse differential cross section proves more valuable 
than the longitudinal one for parameter distinction. We can summarize: 

1. Odderon phase 

The Odderon phase can clearly be distinguished from the position 
of the maximum of the differential cross section: for r)o = —1, it 
is around k t = 0.3 GeV, while for rjo = +1, the position is given 
by kt = 0.5 GeV. Variation of ^ slightly vary the position of 
the maxima; however, this ratio is limited to approximately 0.05 
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according to (j7.14|) taking ao(0) ~ 1; only higher ratios would 
lead to coincidence of the maxima for rjo — — 1 and rj = +1- 
The phase should therefore by easily determined by measuring 
the transverse differential cross section. However, this only holds 
if the energy cut of the detector stays below 0.5 GeV; for higher 
cuts, the position of the maxima can no longer be distinguished. 

2. intercept 

Intercept variations around a© = 1 show little to no effect; the ef- 
fects of intercept variation considered here will vanish in statistical 
errors in experiments. 

3. slope 

The variation of a' Q from 0.25 GeV -2 to 0.5 GeV -2 lead to a faster 
decrease of the differential cross section; however, smaller varia- 
tions which seem more probable taking the assumed similarity to 
the Pomeron into account will not lead to measurable modifica- 
tions. 

4. relative coupling strength 

The relative Odderon coupling strength ^ leads to obvious modi- 
fications for the transverse differential cross sections in magnitude 
as well as the position of the maximum. However, angular cuts 
equally significantly modify the magnitude of ; if varying from 
the values used in this work, a new calculation with a "standard" 
value for ^ is necessary. 

from 

dki 

In general, variation of various parameters lead to similar modifica- 
tions of the longitudinal differential cross section; compare e.g figures 
I7.37U7.43~1 and 17.451 Therefore, the parameters describing the Odderon 
cannot be well distinguished by regarding ^ only. 
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Chapter 8 

Summary and outlook 



The aim of this work was to investigate the effects of Odderon exchange on 
the measurement of differential cross sections for the process 77 — > 7r°7r° 
at linear e~e + colliders. The Odderon was described by an effective prop- 
agator closely following the ansatz for the non-perturbative Pomeron sug- 
gested by Donnachie and Landshoff [4 j derived in connection with pp and pp 
scattering. The parameters of the Odderon trajectory are taken in close 
resemblance to the Pomeron parameters, leading to values of a(0) = 1 
and a' = 0.25 GeV~ 2 . The 77*7r coupling was taken in a standard form 
|54|.|55|.[5T) ; the relative strength of the Pomeron- Odderon coupling was 
taken as a maximum value obeying the bound for \p pp (s) — p pp ~(s)\ given by 
(|7.14jl . We investigated the effects of phase, trajectory intercept, trajectory 
slope, and relative coupling strength variations as well as influences of detec- 
tor cuts on the determination of the different parameters. Summarizing, we 
can draw the following conclusions: 

• The existence of a non-perturbative Odderon in the suggested form 
leads to obvious modifications of the differential cross sections for the 
process 77 — > 7r°7r° at linear e + e~ colliders. Even with a low relative 
coupling strength da/d\kt\ 2 still differs from a scenario without 
Odderon contribution. The differences between rj® = — 1 and 770 = +1 
are equally obvious. 

• In general, da/d\kt\ 2 proves more valuable than da/dki for the deter- 
mination of the different parameters describing the Odderon trajectory 
as well as the coupling. 

• In a scenario without any detector cuts, the phase rj® of the Odderon 
can be clearly determined from the shape of the transverse differential 
cross section. However, d ^ 2 becomes similar for both values of 770 if 
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k t > 0.5 GeV; therefore, energy cuts of the detector play an important 
role. For TESLA, OPAL, and BaBar, E min < 0.5 GeV; in these 
environments, the shapes for the different values of 770 can still be 
distinguished. 

• The variation of ao(0) only slightly modifies the differential cross sec- 
tions. In analogy to the Pomeron intercept, a©(0) ~ 1; inspired by 
results from perturbative QCD [13], we also looked at e' = —0.04. 
Effects for \e'\ < 0.02 as well as e' = —0.04 have been shown to be 
negligible. 

• The variation of a' Q from 0.25 GeV -2 to 0.5 GeV -2 leads to a slight 
modification both J£, 2 and J^; however, taking the assumed similarity 
of Pomeron and Odderon into account, small variations around a' Q = 
0.25 GeV -2 seem more probable. The resulting effects should be hardly 
visible. 

• The strength of the relative Odderon-coupling can clearly be deter- 
mined from differential as well as total cross sections; both are roughly 
proportional to (|^) 4 . 

• All parameters can equally be determined in the LEPI, LEPII, TESLA 
e + e~, TESLA 77, and BaBar environment. Due to low energy cuts, 
BaBar offers the best opportunity for a detailed parameter investiga- 
tion. For LEPI and LEPII, investigations seem difficult due to the 
large restriction of the kinematic regime by angular cuts as well as low 
luminosities, higher counting rates are expected at TESLA and BaBar. 

• Compared with the e + e~ mode, the 77 mode at the TESLA collider 
does not really improve the possibilities for an analysis. The main 
contribution to both cross sections comes from the low-energy part of 
the photon spectrum roughly corresponding to the spectrum given by 
the DEPA; for the photon collider, we only expect a slightly higher 
cross section for processes induced by photons only actually leading to 
a worse background. However, the analysis should be redone with an 
improved description of the photon spectrum 66J. 

Similar analyses are possible for general pseudoscalar meson production 
as 77, rjo, rj c [TT] as well as tensor mesons j2j, e.g. the /2(1270). 

We conclude that analyses at linear colliders should provide clear informa- 
tion about the existence and phase of a non-perturbative Odderon described 
by ()2.55|) as well as the relative strength of the Odderon-coupling. 
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Appendix A 



Conversion of natural to SI units 



All calculations have been done using 

H = c = 1 (A.l) 

in the system of so-called natural high-energy units. The Si-values of these 
constants are given by 

1X1 

h = 6.58 x l(r 22 MeV s, c = 3 x 10 8 — (A.2) 

s 

Therefore, we have to convert our results for and Jr-, which are obtained 
in terms of GeV~ 3 , to or (j^y ; this can be done by using the relation 

lm ~ x lO^MeV" 1 = — x 10 16 GeV" 1 

6.58 x 3 1.97 

and therefore 

1 GeV- 3 = 1 ~ 3.88 x 1(T 32 ^- = 3.88 x 10 8 (A.3) 

GeV GeV GeV 

The same factor holds for the calculation of -77772 . 

d\k t \ 
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Appendix B 



Standard notations in field theory 



We will provide a short list of standard notations in quantum field theory and 
refer to the literature (see e.g. [13], [Tlj.pi]) f° r a more detailed discussion. 

• quantized fields 

We distinguish three types of quantized fields: 

— scalar fields 

Scalar fields obey the Klein-Gordon equation; in literature, they 
are generally denoted by <p(x). The corresponding raising and 
lowering operators obey commutation rules 1 : 

[a p ,al] = (27r) 3 ^(p-p'). 

p and p' denote physical momenta. 

— Dirac fields 

Dirac fields are usually denoted by ip(x) and ip(x) with ip(x) = 
The corresponding raising and lowering operators obey the 
anticommutation rules 

K,^} = (27r) 3 5( 3 )(p-p'). 

— gauge fields 

Local gauge symmetries in field theory require the introduction 
of gauge fields. We can distinguish two kinds of transformations: 
abelian gauge transformations as e.g. the U(l) gauge transforma- 
tion in electrodynamics, and non-abelian gauge-transformations 
as the SU(2) transformation in Yang-Mills theories or the SU(3) 
color transformation in QCD. We will restrict the discussion to the 
QED and QCD case. Here, the gauge fields are usually denoted 
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by (QED) for the photon and A® (QCD) for the gluon, where 
a in the additional index correlated to the color group. Due to 
gauge invariance, these fields have to be quantized using the path 
integral formalism. Local gauge invariance implies the use of co- 
variant derivatives 



with being the representations of the generators of the corre- 
sponding Lie group obeying 



describes the gauge-field part of the Lagrangian in the form of 



• Feynman rules for in- and outgoing particles and propagators 

In the following, p will denote a particles 4-momentum vector, m its 
mass, and s its spin. 

- scalar fields 

For scalar fields, we use 



D, = d,-igAf{x)t^ 



[t a ,t b ] = iC abc t c . 
The field-strength tensor defined by 



igF", = d,Al-d„Al + gC ahc A\A c v 



in-/ outgoing particle 



1 



propagator 



i 2 — m 2 + ie 



p 



- Dirac fields 



in-/ outgoing particle 
in-/ outgoing antiparticle 



Usip) I u s (p) 
v s (p) I v s (p) 



propagator 



i{yj) + m) 



p2 _ m 2 _|_ ^ e 



- gauge fields 



in-/ outgoing particle : e^(jo) / e* (p) 



propagator 2 
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standard matrices 
- Pauli matrices 

algebra : [a\a j ] = 2ie ljk a k 



a 3 



' 1 J ' ° [i 

1 
-1 



For isospin considerations, the matrices are denoted r l \ t % = a 1 . 
- Dirac matrices 

algebra : { 7 ", 7"} = 2 <T , 
7 5 = ^SW, 

A standard representation is given by 



n 



ION ,■ / 



~~ » -1 ) ' 7 " V -a 4 



Gell-Mann matrices 



algebra : [A a ,A 6 ] = 2i f abc \ c 

4 

{A a , A 6 } = -5 ab + 2d abc \ c 



\ = I * I ' A., 



















/ 


—i 








\ % 





/ 








—i 


\ i 






A, = , A fi 



A 7 = I -% \ , A 







J 




1 























-2 



f a bd and d a bc are totally antisymmetric / symmetric structure con- 
stants of the SU(3) group; A« goes over i = 1, 2, 3. 



1 Constants are normalization-dependent 
2 gauge dependent 
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Appendix C 

Analytical spectrum for the photon 
collider 



The theoretical spectrum for the photon collider respecting linear and non- 
linear Compton scattering is given by jHZ]: 

N(xt) = -p- = -Y^{F ln {x^ + \\ e F 2n {x t )) (C.l) 

(j r n/r - rr L — ' 

with 



n=l 



Or 



2 ^ n max 

^2 / dx (F ln (x) + XX e F 2n (x)) 

n=l I 



o 

x nmax = nx c /(nx c +l+^ 2 ) 
F ln (x), F 2n (x) : expansion terms of Bessel functions 
in the n-th mode 

k is the conversion-coefficient of the laser used for the Compton-scattering; A 
and A e are the polarizations of the laser and initial electrons respectively. x c 
is given by ()6.24|) . £ 2 is the parameter associated with nonlinear QED effects 
in Compton-scattering (see section lfT3|) . However, the analytical description 
of the spectrum only gives an adequate description of the high-energy region 
of the photon spectrum (valid for x > 0.4); therefore, it has not been used 
in the calculations of the differential cross sections in this work. 
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